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Structure Property Relationships in Multilayered Polymer Thin Films: Mechanical and 
Gas Barrier Applications 
Abstract 
By 
MATTHEW M. HERBERT 
In both academic and industrial locations, the study of the structure property 
relationships of multilayered thin films has become an area of significant interest for 
investigation and discovery. As layer-multiplying coextrusion continues to evolve into 
the nanoscale regime, new opportunities arise to discover unique properties controlled 
by interfacial or confinement induced phenomena. The first part of the thesis (Chapter 
2) explores a series of isotactic polypropylene and nylon 6 blends with silsesquioxane 
(POSS) additives, which are layered to nanometer thicknesses within multilayered films, 
to test the effects of confinement upon polymer property modification. POSS has been 
previously shown to enhance the properties of polymer matrices in which the POSS 
molecules have been grafted to, or copolymerized within the chain, but there is a lack of 
understanding in melt-blend systems.  
The second and third parts of the thesis (Chapters 3 and 4), investigates various 
strategies to improving the gas barrier properties in multilayered polymer films. In 
Chapter 3, ultra-low glass transition temperature phosphate glasses (Pglass) are used as 
inorganic fillers within maleated polypropylene, with the goal of elongating the Pglass 
particles into high aspect ratio platelets upon biaxial orientation. In comparison to 
14 
 
previous work with a higher Tg Pglass, the newer Pglass was expected to possess 
improved drawing properties, yielding oriented films with higher aspect ratio platelets, 
and thus enhanced barrier properties. The Pglass, however, formed phase separated 
aggregates, resulting in the formation of voids upon drawing. In Chapter 3, a slightly 
different strategy was utilized to obtain improvements to film barrier properties, which 
involved the infusion of oxygen scavenging Palladium (Pd) nanoparticles into the 
polymer matrix. Infusion of as little as 4 x 10-5 vol.% Pd into multilayered films resulted 
in the reduction of oxygen permeability by 3-4 orders of magnitude. The combination of 
metal nanoparticles dispersed throughout the polymer free volume, with the added 
effect of nano-scale Pd films deposited at layer interfaces, has yielded thin, flexible and 
transparent multilayered films for potential applications such as flexible organic 
electronics encapsulation. 
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Chapter 1 
Introduction 
In the field of polymer research there is a continuous search for low cost, readily 
processable materials that are stiffer, stronger, tougher and lighter.  Ideally, these 
property enhancements are achieved using a single polymeric material.  The synthesis 
and development of new polymers to meet these increasing demands is constantly 
sought, but development of newer and better polymeric materials is very costly and time 
consuming, and can be difficult to scale up to industrial levels.  Significant reduction in 
processing and materials cost is possible through dilution of high cost polymers with low 
cost polymers or fillers.  A great deal of research has therefore been invested into the 
development of multi-phase materials such as polymer blends and composites, to achieve 
these property enhancements.  
A polymer blend or composite can generally be defined as the combination of two 
or more materials with different physical or chemical properties, that when combined, 
produce a material with characteristics different from the individual components.  For 
polymer blends this involves the blending of at least two polymers to create a new 
material with different properties, differing from polymer composites, which are defined 
as materials consisting of two or more chemically and physically different phases, 
separated by a distinct interface.  In both polymer blends and composites, the selection 
and mixing of the different systems are carried out to achieve a single system with more 
useful structural or functional properties unattainable by either of the separate systems 
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alone.  Making use of materials with synergistic properties can lead to the synthesis of 
high performance materials at lower costs, compared to single-phase materials of similar 
properties. Materials can also be chosen to create blends and composites with tailored 
properties to apply to specific applications, which may be impossible to achieve using a 
single material. 
The development of polycarbonate (PC) blended with acrylonitrile-butadiene-
styrene (ABS), is a well-known example of improving the properties of a single polymer 
material by blending with a second material with synergistic properties.[1] PC is an 
important engineering plastic that offers transparency, toughness and high temperature 
stability, but has several drawbacks such as high melt viscosity, and brittleness of the 
material with the introduction of small flaws. Blending of PC with ABS reduces the 
sensitivity of these conditions, and the resulting material combines the good mechanical 
and thermal properties of PC with the ease of processability, notched impact resistance 
and lower price of ABS. These polymer blends are now widely used in a variety of 
automotive, electronics and telecommunications applications.[2] 
Fiber reinforced polymer (FRP) composites are used in almost every type of 
advanced engineering structure, with uses including aircraft and spacecraft, automobiles, 
sporting goods, processing equipment and civil infrastructure. Glass fiber reinforced 
thermoplastics, for example, provide enhanced stiffness, abrasion, chemical resistance, 
low moisture absorption and reduced creep deformation, compared to the non-
reinforced matrix polymer.[3] In addition to FRPs, reinforcement of polymers can be 
accomplished through the incorporation of particulates, such as in the reinforcement of 
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rubber with carbon particulates in automobile tires,  or sheets and platelets, such as in 
many barrier plastics used in packaging applications. 
1.1 Conventional Polymer Composites  
Polymers are widely used throughout various industries due to their light weight, 
ductility and ease of processing; they have lower moduli and strengths compared to other 
materials such as metals and ceramics, making them less attractive as engineering 
materials, in some cases.[4] An effective method to improve the properties of polymer 
materials is by reinforcing the matrix with fillers, such as fibers, particles or platelets, 
forming a composite material. In these systems, the individual constituents retain their 
separate identities, but act together to provide desired property enhancements. A 
composite material is composed of two or more distinct phases consisting of a matrix 
phase as the primary continuous phase, and a dispersed phase, which is distributed 
throughout the matrix phase and typically acts as reinforcement for the matrix.[5] In 
considering all types of common composites, examples include both natural and synthetic 
materials. Wood, for example, is a natural composite made of cellulose fibers dispersed 
in a matrix of lignin. Concrete, on the other hand, is a synthetic composite composed of 
loose stones dispersed in a cement matrix, which can be further reinforced with an 
additional phase of steel bars, or rebar, dispersed throughout the cement phase. 
Polymer composites make up one of the three primary categories of composite 
materials, also including metal and ceramic composites. Polymers have been filled with 
many inorganic, synthetic and/or natural compounds in order to improve the properties 
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of the neat matrix, such as clay, talc, silica, carbon black, carbon nanotubes and calcium 
carbonate, to name only a few.[6-8] In addition to the matrix and dispersed phase material 
types, there are several factors that can affect the properties of polymer composites, such 
as interfacial adhesion, shape and orientation of the dispersed phase and scale of the 
dispersed phase.  
 Additives may be continuous, such as with long fibers or ribbons embedded in 
the polymer matrix in a regular geometric arrangement throughout the entire volume of 
the composite, one example of which includes glass fiber reinforced polymers. The 
additives may also be discontinuous, or short, such as with short fibers, flakes, particles 
and platelets, one common example of which is the mixing of clay platelet fillers into 
polymer matrices for improved properties such as modulus, stiffness, gas barrier, heat 
and flammability resistance.[9] The degree of compatibility between the dispersed and 
matrix phases is strongly influenced by both the interfacial adhesion between the two 
phases, and the size scale of the additive phase. In conventional micro-composites, the 
dispersed phase has dimensions of the order of a few microns to tens of microns, while 
nano-composites have additives on the scale of ≤ 200 nanometers. Interfacial adhesion is 
primarily affected by the compatibility between the two phases, whether due to 
intermolecular interactions, chain entanglements, or both, but the size of the dispersed 
phase can dictate the amount of surface area available for these interfacial interactions. 
It is generally accepted that as the size of the dispersed phase decreases, the interaction 
between the two phases increases as a result of the increased amount of available surface 
area, thus increasing the filler’s contribution toward the composite properties.[9] 
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Compatibilizers are commonly used to improve the interaction between the dispersed 
and matrix phases; the resulting effects of the dispersed phase on the overall properties 
of the composite is typically determined theoretically through the rule of mixtures for 
composites. The rule of mixtures equations can often be modified based on the type, 
shape and orientation of the dispersed phase, and can be used to describe properties 
such as theoretical density, total cost per unit weight of the composite, and physical 
properties of the composite such as mechanical and thermal properties.[9] 
 Clay/polymer nanocomposites provide a great example of the improvements 
to polymer matrices in a wide range of physical and engineering properties with low filler 
loadings. Smectite-type clays, such as hectorite, montmorillonite, and synthetic mica, are 
platelet shaped, layered fillers, which are included as additives in polymers for property 
enhancements. While the exact mechanical properties of single clay platelets are 
unknown, it is estimated that the Young’s modulus in the planar direction is 50-400 times 
higher than that of a typical polymer.[10] The difficulty in fabrication of these composites 
lies in the aggregation of clay platelets into large layered particles, where weak interlayer 
bonding may act as damage initiation sites, reducing the physical properties of the 
composites rather than enhancing them. Various methods have been used to achieve 
intercalation and exfoliation of the clay platelets such as solution-induced intercalation, 
melt processing intercalation and in-situ polymerization. Exfoliation of layered clay 
aggregates into individual nano-scale silicate platelets within the polymer matrix can 
dramatically improve the engineering properties with loadings as low as 5 wt.%.[10] 
Improvements to polymer properties are obtained through a high degree of surface 
20 
 
interactions between the polymer and clay, believed to be primarily hydrogen bonding 
and ion-dipole interactions. Giannelis et al. have demonstrated that high crosslinking 
density between exfoliated clay platelets can eventually lead to vitrification of the 
polymer matrix, causing an increase in the storage modulus.[11] In a study by Kojima et al., 
nylon-6 loaded with less than 5 wt.% clay showed an increase in Young’s modulus by 
103%, tensile strength by 49% and heat distortion temperature by 146%. Other properties 
are also seen to improve such as fire retardancy, barrier resistance and ion 
conductivity.[12] 
1.2 Polyhedral Oligomeric Silsesquioxanes 
Silicon based composites have received a lot of attention for a number of years in 
the polymer community, mostly focused on silicon-containing minerals such as silica 
(SiO2) and silicone (R2SiO) as fillers. Silsesquioxanes are another class of silicon-containing 
molecules that have been examined extensively, due to the wide variety of chemistries 
and applications for which they can be used. The term silsesquioxane refers to all 
structures with the empirical formula RSiO3/2, where R may be a hydrogen atom or an 
organic functional group, e.g., alkyl, alkylene, acrylate, hydroxyl or epoxide unit.[13-16] 
Much of the research into silsesquioxanes was started at the U.S. Air Force Laboratories, 
then continued with the creation of Hybrid Plastics Inc. which has trademarked the term 
“polyhedral oligomeric silsesquioxanes (POSS)”. POSS is typically referred to as a hybrid 
caged molecule, with a rigid inner core of inorganic silicon and oxygen (SiO3/2), and an 
outer layer of functional organic groups (R) attached to the cage corners (Figure 1.1). This 
specific geometry is referred to as cubic POSS, or caged POSS, although there exist other 
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geometries, such as random, ladder and partial cage (Figure 1.2).[13,14,17] With respect to 
the cubic POSS structure, significant research has focused on the investigation of the 
synthesis and resulting properties of various R-groups attached to the corners.[14,18] By 
tailoring the organic R-groups for specific properties, POSS has been utilized in a wide 
variety of applications including  preparation of zeolite materials[19], optical properties[20], 
cosmetics[21], dental composites[22], biomedical applications[23], use as catalysts[24], and a 
number of POSS composite systems including olefin composites[25], viscoelastic and 
thermal properties of POSS nanocomposites[26], flammability of POSS composites[27], 
cross linked resins[28] and polyurethanes[29].  
Caged POSS molecules range in size from 1-3 nm in diameter, and unlike other 
silicon type fillers such as silica or silicone, each POSS molecule contains organic 
substituents on its outer surface. These substituents make the POSS nanostructure 
compatible with many polymers, biomaterials and surfaces. Early research into POSS 
nanocomposites showed that strong interactions between the POSS particles and 
polymer, provided a strong interface and thus reinforcement to the polymer.[30,31] A large 
selection of POSS chemicals with various functional groups has recently been made 
available by Hybrid Plastics Inc, allowing for POSS particles to be easily incorporated into 
various polymers.[32]  
Incorporation of POSS into polymer systems is accomplished using one of two 
different approaches. The first approach is via chemically crosslinking POSS into the 
polymer system by either grafting or copolymerization, where POSS is covalently bonded 
with the polymer. The second approach involves simply blending POSS nanoparticles 
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directly into the polymer system via melt mixing or solvent casting methods, where 
dispersion is accomplished by non-covalent interactions between POSS and polymer. The 
main focus of the POSS work presented within this thesis deals with POSS melt-blended 
into polymer systems, although a few examples of the use of POSS in copolymer and 
cross-linked systems will be presented in order to demonstrate the diversity and 
versatility of POSS-polymer composites. 
1.2.1 Copolymer Systems Based on POSS 
Incorporation of POSS into polymer systems via copolymerization or grafting has 
been one of the most common approaches used in the past. One major difference 
between covalent and non-covalent incorporation of POSS is the possible formation of 
phase separated POSS aggregates in blends, which is absent in covalently bonded 
systems. Two of the most well-defined molecular architectures in these POSS-polymer 
systems are block copolymers incorporating POSS and amphiphilic POSS telechelic 
structures (Figure 1.5).[17] In covalently bonded systems, the POSS molecules incorporated 
into polymers will feature one of the eight functional corners used to tether POSS to the 
polymer backbone, while the other seven corners contain identical functional groups. 
Selection of the functional groups attached to POSS cage corners plays a vital role in the 
compatibility between POSS and polymer, and dictates the resulting properties obtained. 
For example, the incorporation of different POSS structures into poly(styrene)-
poly(butadiene)-poly(styrene) (SBS) triblock copolymers through a hydrosilylation 
technique can drastically influence the resulting microstructure.[33] POSS particles 
containing a silane functional group, grafted onto poly(butadiene) (PB) blocks, resulted in 
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a loss of long range order. However, grafting of POSS particles containing phenyl 
functional groups onto the PB block led to a decrease in the lattice parameter of the SBS 
microstructure via interactions between phenyl groups on POSS and PS.[33] 
In another study, POSS was copolymerized within the backbone of poly(methyl 
methacrylate) (PMMA) based polymers via free radical polymerization (FRP) or atom 
transfer radical polymerization (ATRP). Methacrylate based polymers are typically used in 
high modulus applications, but are limited by low glass transition temperatures (Tg) and 
poor thermal stability. Incorporation of octavinyl-POSS into PMMA (Figure 1.3A), was 
shown to improve the thermal properties of the copolymer (Figure 1.3B) without 
sacrificing its mechanical properties.[34] A wide variety of additional copolymerized POSS-
polymer systems were investigated by Coughlin et al., including an elastomeric ethylene-
propylene-POSS, polybutadiene-POSS, polyethylene-POSS and polystyrene-POSS 
copolymers.[35-39] In many of these cases, significant property improvements were 
reported with the addition of POSS into the polymer system. Other examples of covalently 
bonded POSS-polymer systems include Styryl-POSS[40], Norbornyl-POSS[41], Vinyl-POSS[42], 
Epoxy-POSS[43] and Siloxane-POSS[44] copolymers, some of which are shown in (Figure 
1.4). 
In addition to copolymerization of POSS into the backbone of various polymers, 
POSS has also been covalently boned as the end groups on polymer chains. In a study by 
Kim and Mather, POSS-PEG-POSS telechelics were synthesized (Figure 1.5), and led to 
physical behavior similar to triblock ABA copolymers.[45] Additionally, the POSS end 
groups could be used as crosslinking sites, preserving the solid-like rheological 
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characteristics of the telechelics above the melting point of the POSS molecules. 
Incorporation of higher concentrations of the POSS monomer into the system even led to 
the formation of macrophase separated POSS crystalline domains. In a separate study, 
Langmuir-Blodgett films were formed at the air-water interface using hydrophilic PEG and 
hydrophobic POSS. In this study, it was revealed that amphiphilic telechelic polymers 
consisting of two non-surface-active components exhibited surface activity at the air-
water interface.[46] Similar behavior was also shown in PEO-POSS telechelic structures. 
1.2.2 Melt-blended POSS Systems 
The previously discussed methods of POSS integration via covalent interactions 
such as grafting and copolymerization have shown promising results; however, they do 
not apply well to real world processing applications due to the cost-ineffective methods 
of synthesis and preparation. Ideally, POSS could be simply melt-blended into polymers 
to produce the desired reinforcement effects seen in covalently bonded systems, thus 
being adopted by many research groups and leading to a significant amount of research 
into this area.[47-53] A fundamental difference between covalent and non-covalent 
incorporation of POSS into polymer systems is the formation of phase separated domains 
between POSS and polymer, which does not occur in POSS copolymers due to the 
covalent attachment. In melt-blended systems, many authors have, and continue to, refer 
to these as nanocomposites. Recent evidence from Schiraldi and Jana, however, have 
demonstrated that POSS is simply a small molecule additive that behaves primarily as a 
processing aid, reducing the viscosity of the blends via decreasing chain entanglements 
and increasing free volume.[53,58,59] Thus, while POSS can interact with various polymers 
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via hydrogen bonding, pi-stacking, or other ionic forces, it does not behave as a rigid, 
reinforcing particle. 
Early work in this area has shown that POSS does not behave like a traditional 
inorganic filler. In a study by Fu and Hsiao, a blend of ethyl-propylene copolymer and 
octamethyl-POSS was prepared by melt mixing and studied.[54] WAXD patterns revealed 
that phase separated crystalline POSS domains, of around 50 nm in diameter, were 
formed and virtually unmodified from pure octamethyl-POSS. The ability of POSS to 
disperse throughout the polymer system on a nanometer scale is of great importance, 
due to its low intrinsic mechanical properties. Studies by Sanchez and Schiraldi showed 
that the formation of large micron sized POSS aggregates resulted in a decrease in 
mechanical properties, but left the thermal properties relatively unchanged.[47,48] In order 
to obtain property improvement through melt-blending, a high degree of dispersion and 
interactions between POSS and polymer must be present.[50,51] This principle was 
demonstrated through the melt-blending of trisilanolphenyl-POSS into two similar 
bisphenol A derivate polymers, poly(carbonate) (PC) and phenoxy resin (PKFE), resulting 
in vastly different properties directly related to the specific interactions between POSS 
and polymer. In the PC-POSS system, a lack of interactions between the two components 
led to phase separation and aggregation of POSS molecules, resulting in decreased 
properties. However, the PKFE-POSS system was able to interact through hydrogen-
bonding and π-π stacking, resulting in the homogeneous dispersion of POSS and thus 
some improvement in the thermomechanical properties of the system.[50]  
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While early work by Schiraldi has shown the importance of POSS-polymer 
interactions in melt-blended systems, there was a lack of ability to predict if a high degree 
of interaction would be present for specific POSS-polymer pairs, yielding the desired 
reinforcement and property improvements in the system. POSS selection based on the 
chemical structure was insufficient, due to the effects of the silicate core and molecular 
geometry on the interaction potentials. Thus, several researchers have looked into 
predictions about dispersion and compatibility based on solubility parameters, where 
small differences between POSS and polymer can indicate a high degree of interaction, 
and large differences can predict phase separation in the system. Work by Morgan[55] and 
Chin[56,57], investigated interaction potentials based on the Hoy method of group 
contribution and Hansen solubility parameter, respectfully. However, the Hoy method 
only provides a single parameter based on the square root of cohesive energy density, 
and the Hansen solubility parameter method used, while considering contributions from 
dispersion, polar and hydrogen bonding forces, ignored the hydrogen bonding 
interactions. Recently, work by Milliman et al. presented an accurate method of 
prediction for POSS-polymer interactions and resultant POSS-dispersion uniformity, 
based on the Hansen solubility method, including hydrogen bonding interactions (Figure 
1.6).[58]  
In addition to the strong need for interaction between POSS and polymer for 
providing reinforcement, work by Schiraldi[51,59] and Jana[52,53] have demonstrated the 
importance of processing and orientation on the resultant system properties. Fabrication 
of melt-spun fiber systems with the incorporation of POSS has shown reinforcement in 
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polymers such as poly(ethylene terephthalate) (PET)[51], polypropylene (PP)[52,53] and 
polyamide-6 (PA6)[59], in binary as well as ternary systems. In a study by Milliman et al., 
melt-blended aminopropylisobutyl POSS-nylon blends were prepared using both injection 
molding and fiber melt-spinning. Injection molded blends exhibited a decrease in 
mechanical properties, but melt-spun fibers experienced a significant increase in 
mechanical properties at a POSS concentration of 2.5% (Figure 1.7).[59] This work 
demonstrates the importance of both POSS-polymer interactions and processing, in 
obtaining reinforcement in melt-spun fibers. It was also shown that incorporation of POSS 
leads to a large decrease in melt viscosity, most likely the result of the presence of a POSS 
liquid phase during processing, resulting in more facile processing of blends. This is 
contrary to traditional polymer-inorganic composites, which typically see increases in 
viscosity with the addition of even small amounts of inorganic fillers.[30,31]  
1.3 Phosphate Glasses 
Phosphate glasses have been researched and developed throughout the last 
century, originally studied for achromatic optical elements due to their low dispersion 
and relatively high refractive indices, relative to silicate-based glasses.[60] Subsequent 
studies on phosphate glasses investigated their application in a variety of areas such as 
sequestering agents for hard water treatments, dispersants for clay processing and 
pigment manufacturing[60] and in high power laser applications[61].  More recently, these 
glasses have attracted attention in a variety of specialty applications due to their low glass 
transition temperatures, in comparison to more commonly used silicate and borate 
glasses. The inorganic phosphate glasses possess chain-like molecular structures, similar 
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to organic polymers, but much shorter in length.  Additionally, alkali metal cations are 
often incorporated to aid in the network formation, and play a large role in the resultant 
structure and thermal properties of the glass. This has led to the development of an entire 
family of durable low glass transition (Tg) phosphate glasses ranging from 100-400 °C. 
Examples of these glasses include alkali aluminophosphate compositions with Tgs under 
400 °C, lead pyrophosphate glasses with Tgs in the range of 390 °C, zinc alkali phosphate 
glasses with Tgs  ranging from 270-330 °C, tin fluorophosphates glasses with Tgs ranging 
from 100-150 °C, and most recently, tungsten-doped tin fluorophosphate glasses with Tgs 
ranging from 50-150 °C. The basic building blocks of these inorganic phosphate glasses 
are phosphate anion tetrahedral sites resulting from the formation of sp3 hybrid orbitals 
by the phosphorus outer electrons. These tetrahedral link through covalently bonded 
bridging oxygen groups to form the various phosphate anions, and are classified according 
to the Qi terminology[62], where i represents the number of bridging oxygens per 
tetrahedron (Figure 1.8). 
Much of the early development on phosphate glasses with alkali metal cations was 
towards direct applications of the glass, such as in specialty hermetic seals[63,64], medical 
applications[65], nuclear waste hosts[66] and solid state electrolytes[67,68], to name a few. 
With the development of lower glass transition temperature glasses, the possibility of 
forming composite materials of the inorganic phosphate glasses within organic polymers 
has become attainable. The low Tg of glasses, such as zinc phosphate and tin 
fluorophosphates systems, ensures that they are fluid over a range of temperatures, 
including the melt processing temperatures of many common polymers and allowing the 
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processing of glass-polymer composites using commercially available equipment 
including batch mixers, extruders and injection molding machines. Such composites may 
combine the desirable properties of organic polymers, including high elasticity, flexibility, 
toughness, light weight and ease of processing, with those of the glasses, including high 
elastic modulus, abrasion resistance, thermal resistance, inertness to solvents and low 
permeability to moisture and gasses. Additionally, as both glass and polymer are in a fluid 
state during processing, it is possible to fabricate composites with phosphate glass 
loadings as high as 60-90 wt.%, to obtain unique property enhancements and 
morphologies otherwise impossible in classical polymer composites.[8,69-71] 
1.3.1 Zinc based phosphate glasses/polymer hybrids 
Some of the earliest work on phosphate glass-polymer composites utilized zinc-
based phosphate glasses (ZnPglass), with lower Tgs of around 270 °C. The low thermal 
properties of the ZnPglass materials allowed processing with high melt flow 
thermoplastics such as poly(ether ketone) (PEK), poly(ether ether ketone) (PEEK), 
poly(ether sulfone) (PES), poly(ether imide) (PEI), poly(phenylene sulfide) (PPS) and liquid 
crystal polymers (LCPs). In these composites, the zinc alkali phosphate glass contributes 
excellent flame resistance, improved mechanical properties such as high stiffness, 
modulus, strength and hardness, and reduced cost.[72] The resultant composite properties 
are also influenced by the hybrid microstructure, glass morphology and volume fraction 
of glass blended into the polymer matrix. Otaigbe et al. studied the viscoelastic properties 
of two standard glass-polymer blends of low Tg zinc alkali phosphate glass with liquid 
crystal polymer and poly(ether ether ketone), obtaining significantly different reinforcing 
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morphologies (Figure 9).[72] Even within a single polymer type, such as the liquid crystal 
polymer Xydar® (Figure 1.9A), a variety of reinforcing morphologies including beads, 
fibers and ribbons were produced by varying the injection molding conditions, resulting 
in vastly different reinforcing properties. For example, in an LCP-ZnPglass blend 
containing 62 vol.% Pglass, a bead-based morphology yielded a tensile modulus of 17 GPa, 
while a ribbon morphology yielded a tensile modulus of 28 GPa.[71] Similar improvements 
to the strength were also reported in comparing a bead to ribbon morphology, yielding 
an increase in tensile strength from 52 MPa to 72 MPa.[71] In a separate study by Young 
and Baird, the modulus of injection molded PEI-ZnPglass composites was shown to 
increase from 2.85 GPa for neat PEI to 13.84 GPa for PEI containing 60 wt.% glass.[73] The 
PEI-ZnPglass composites were also shown to offer enhanced mechanical properties at 
elevated temperatures, and retain a large majority of their mechanical properties after 
deformation up to 110% elongation.[74] In poly(phenylene sulfide)-ZnPglass (60 wt.%) 
composites, planar deformation yielded an increase in the aspect ratio of the glass phase 
(Figure 1.10), producing a 25% increase in stiffness and tensile modulus over neat 
injection molded PPS.[74] 
1.3.2 Tin Based Fluorophosphate Glasses/Polymer Hybrids 
Low temperature tin based fluorophosphate glasses (Pglass) are among the more 
recent developments in low glass transition temperature glasses, discovered and initially 
studied by Tick and Sanford in 1982.[75] The primary glass composition studied is 
composed of 50 mol% SnF2, 20 mol% SnO and 30 mol% P2O5, resulting in an optically clear 
glass with a Tg of ~125 °C and a density of 3.75 g/cm3.[76] The resultant Pglass structure 
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had previously been revealed by Xu et al. [77,78], but a more accurate determination was 
recently reported by York and Wagner [79], using XPS and Raman (Figure 1.11). Like the 
zinc alkali based phosphate glasses, this variety of Pglass behaves essentially as a 
Newtonian fluid over a wide range of temperatures and frequencies, allowing for 
processing with many commodity polymers using conventional polymer processing 
techniques. As a result of the Pglass properties and fluidity during melt processing, 
loadings of up to 60-90 wt.% can be attained, with the ability to control resulting 
morphologies based on processing conditions, and tailor interactions between polymer 
and Pglass. 
Since its discovery, a variety of rheological, morphological and structure-property 
relationship studies have been carried out on polymer-Pglass hybrid systems with a 
handful of commodity resins including polyethylene, polypropylene, polyamide 6 and 12, 
and polystyrene.[71,72,74,80] Many of these early studies focused on understanding the 
rheological properties of Pglass and polymer-Pglass hybrid systems at both high and low 
Pglass loadings, which is crucial in determination of the resultant morphology and 
processability.[76,81,82] Adalja et al. studied the rheological properties of Pglass and Pglass-
LDPE systems, showing that Pglass viscosity decreases sharply with increasing 
temperatures, and induces strong shear thinning behavior and reduces creep strain in the 
solid state of LDPE hybrid blends.[81,82] These results indicated that Pglass can act as a 
reinforcing agent with higher loadings, believed to be a result of the formation of an 
interpenetrating Pglass network. Adalja demonstrated the evolution of the LDPE-Pglass 
microstructure to form an interpenetrating network (Figure 1.12), and rises in the 
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complex modulus (Figure 1.13), with increased loadings of Pglass. Guschl et al. 
investigated Pglass blended into binary and ternary systems including LDPE, PS and PP, 
determining the phase inversion points in these systems and measuring interfacial 
tension.[83-85] It was revealed that while individual components in these systems were 
immiscible, there was evidence suggesting partial miscibility between Pglass and PS. 
Guschl also investigated the crystallization behavior in Pglass-LDPE and Pglass-PP hybrids, 
finding that addition of Pglass consistently reduced overall crystallinity in the polymers, 
and crystallization behavior was significantly changed due to the presence of Pglass.[86,87] 
Otaigbe et al. studied the deformation and strain hardening of Pglass in Pglass-
LDPE systems, with increasing concentrations of Pglass.[69] It was revealed that hybrids 
with high Pglass concentrations (> 10 %) displayed a decrease in strain hardening behavior 
expected with the dilution of a non-newtonian fluid (LDPE) with a Newtonian fluid 
(Pglass), and consistent with literature. However, results differed for lower Pglass 
loadings (< 10 %), exhibiting a peak rise in strain hardening behavior (Figure 1.14). This 
behavior was explained considering the elongation of Pglass particles into higher aspect 
ratio fibers in the melt state, achieved in higher loadings, but remained as undeformed 
spherical particles in lower loadings (Figure 1.15). It has been demonstrated in some 
polymer blends, while the capillary number for droplets exceed the critical breakup 
concentration, breakup is not instantaneous and a fibrillar morphology can be 
obtained.[88,89] Droplets have shown to deform into a fibril morphology when a material 
exceeds 2x the critical capillary value.[90] 
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Following the early studies on Pglass-LDPE hybrid systems, increased interest in 
Pglass-polymer hybrid behaviors led to investigations into alternative polymers which 
would yield enhanced interactions with the glass, such as Polyamide 6 and 12. Urman and 
Otaigbe observed a rise in the complex viscosity at low complex modulus values with 
increasing temperatures in Pglass-polyamide 12 systems (Figure 1.16).[69] This increase in 
systems with higher Pglass loadings (5-10 vol.%) can be related to interfacial effects and 
apparent yield stress behavior, indicating strong interactions between the components. 
Using the Palierne emulsion model, which provides an estimate of the interfacial tension 
between the two phases, an interfacial tension of 1.69 nN-m was calculated for 10 vol.% 
Pglass in Polyamide 12 at 250 °C.[83] This low value indicates highly favorable interactions 
at that temperature, signifying partial or complete miscibility of the two materials, and 
yielding a hybrid material with properties not previously seen in glass-polymer hybrids. 
Studies on Polyamide 6-Pglass took advantage of the increased number of 
potential interaction sites along the polymer chain, relative to polyamide 12, which in 
turn can greatly affect the final material properties. Urman and Otaigbe utilized melting 
point depression to calculate a Chi parameter of -0.067 between polyamide 6 and Pglass, 
indicating miscibility of the two components in the melt.[91] In studying the mechanical 
properties of the polyamide 6-Pglass systems, the observed properties resembled that of 
a plasticizer added into a pure polymer[92], indicating Pglass can act as such for polyamide 
6.[69] 
More recent studies have utilized the impermeable nature of Pglass, within Pglass-
polymer hybrids, to create high gas barrier films. Gupta et al. employed the low glass 
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transition temperature and elongational behavior of Pglass in hybrid systems to create 
high aspect ratio glass platelets and improve the barrier properties of polymer thin 
films.[93,94] These studies investigated high loadings (> 10 %) of Pglass in polypropylene-
graft-maleic anhydride, which utilized maleic anhydride groups to promote interaction 
between Pglass and polymer. Both compression molded and multilayer coextruded films 
were biaxially oriented above the glass transition temperature of Pglass (~125 °C), which 
elongated the Pglass phases from spherical droplets into high aspect ratio platelets 
(Figure 1.17). The resulting oriented films, which contained a brick wall type Pglass 
microstructure exhibited a 500X decrease in oxygen permeability relative to as-extruded 
polypropylene-graft-maleic anhydride (PPgMA), from 0.88 to 0.0017 barrer. Additionally, 
Young’s modulus was seen to increase with increasing vol.% of Pglass added, and films 
maintained a high degree of transparency and flexibility.  
1.4 Approaches to Improving Gas Barrier Properties in Polymer Thin Films 
Prevention of the diffusion of gasses through protective packaging is of critical 
importance in many industries such as food, beverage and electronics packaging.[95,96] 
Interaction of gasses such as oxygen and water vapor with organic materials can promote 
degradation, significantly shortening lifetimes of the packaged goods. The global food and 
beverage packaging industry alone is estimated to be valued at $284 billion for food 
packaging and $102 billion for beverage packaging by 2018.[97] The packaging not only 
ensures the safe transportation of food goods, but extends its shelf life through 
protection from harmful bacteria, contamination and degradation.[98] While glasses and 
metals can provide an impermeable barrier to gasses, polymers provide an alternative 
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that are lightweight, transparent, flexible and are easily processed. The downside of 
polymers as packaging materials lies in their relatively poor barrier properties, which are 
influenced by the degree of crystallinity, chemical groups present in the polymer, degree 
of crosslinking and thermal properties.[99] Polymer barrier properties can be improved 
through control of these same factors, as well as through the use of strategies such as 
orientation, inclusion of high aspect ratio platelets and scavenging fillers, deposition of 
impermeable surface layers or by laminating or extruding multiple polymer types as 
discrete layers. 
Recent rapid developments in the fabrication of organic semiconducting materials 
such as organic light emitting diodes (OLEDs) and organic photovoltaics (OPVs), as well as 
their processing techniques, have led to significant advances in performance and 
applications (Figure 1.18). Such devices offer tunable properties and multi-functional 
characteristics leading toward a new class of low cost, highly flexible products not possible 
with traditional crystalline semiconductor materials. These devices are highly susceptible 
to gasses such as oxygen and water vapor, and require protective barrier levels of at least 
5x10-5 g/m2day for water vapor and 1x10-4 cm3/m2day for oxygen (Figure 1.19).[100] 
However, for OLED devices, this requirement is much stricter at 1x10-6 g/m2day for water 
vapor and 1x10-5 cm3/m2day for oxygen.[101] Within these devices, exposure of low work 
function metals such as calcium and lithium, to oxygen and water vapor, results in rapid 
oxidation, making injection and collection of charge carries less efficient, as well as 
causing delamination between device layers.[101-103] These permeant gasses can also 
result in black spots in OLEDS, reducing their light output and lifetimes. Active materials, 
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such as C60 and P3HT:PCBM, experience rapid degradation of electrical properties with 
exposure to oxygen, the latter due largely to, but not limited to, photo-oxidation of 
vinylene groups.[104]  
The required barrier levels for organic devices have been traditionally attained 
through the use of metals or glass lids sealed with UV-cured epoxy. However, these 
materials are heavy and rigid, making them a poor choice in the development of flexible 
devices. In the design of improved flexible encapsulating materials, polymer thin films 
have attracted the most attention due to their high level of flexibility, light weight and 
transparency. Early development of polymer thin films with improved barrier properties 
have utilized a layered approach through lamination or coextrusion of multiple high 
barrier polymers such as poly(vinylidene chloride) (PVDC), ethylene vinyl alcohol (EVOH), 
poly (vinyl alcohol) (PVOH), poly(ethylene terephthalate) (PET) or polyamides (PA). 
Different polymers are often selected to utilize synergistic effects of their favorable 
properties, while keeping in mind the miscibility and processing window of combined 
materials to avoid processing defects. For example, PVDC coated oriented polypropylene 
films are used in a wide variety of food packaging applications due to their combination 
of mechanical, barrier and aesthetic properties.[95] Subsequent orientation of single or 
multi-layer polymer thin films can impart even further improvements to barrier, 
mechanical or optical properties by inducing a transition of the polymer structure from 
amorphous to crystalline, thus imparting a higher degree of chain alignment and 
density.[105] However, these strategies provide limited improvements to the barrier 
properties, and are typically used in the food and beverage packaging industry.  
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In order to reach the barrier levels required for encapsulation of organic electronic 
devices, alternative strategies have been explored such as the use of polymer 
nanocomposites, and the deposition of thin, transparent metal coatings on the surface of 
polymer films. Nanocomposites consisting of homogeneously dispersed 
micro/nanometer sized platelets, oriented parallel to film’s surface, have been shown to 
greatly improve barrier properties by forcing diffusing gas molecules to travel more 
tortuous paths through the film (Figure 1.20).[106] Fillers such as naturally impermeable 
clay nano-platelets, and graphene and its derivatives (graphene oxide and reduced 
graphene oxide), have been incorporated into polymer matrices leading to significant 
improvements in barrier properties; dispersion of the platelets within the polymer matrix 
(i.e. obtaining intercalation and exfoliation) can present a difficulty in obtaining high 
barrier films, as clay and graphene exist naturally as agglomerated bundles of thousands 
of platelets. Incorporation of exfoliated clay platelets into polymers such as PA, PET and 
PP have demonstrated reduction in permeabilities by as much as 80 %, relative to the 
neat polymers, with < 10 % clay loadings.[106-108] Dispersion of graphene platelets within a 
wide variety of polymers has also been studied, but show relatively lower barrier 
properties than clay-polymer nanocomposites.[108]  
Deposition of thin, transparent metal coatings on the polymer film’s surface has 
received a great deal of attention as a solution for improving barrier properties to the 
level required for organic electronic devices. Transparent coatings of metal oxides or 
nitrides, typically tens of nanometers in thickness, such as Al2O3, SiOx, NiOx and AlOx, are 
deposited on PET and PEN through techniques such as physical vapor deposition, 
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sputtering or plasma-enhanced chemical vapor deposition. PEN and PET coated with 20-
30 nm of Al2O3 or SiO2, for example, have been shown to reduce oxygen and water vapor 
permeability by up to 4-5 orders of magnitude;[100] this technique is limited by high 
fabrication costs and defects and imperfections associated with the deposited metal 
layers, such as micro-cracks and pinholes, which can develop with time.[100,109] More 
recent advances in this technique have led to the fabrication of multilayered organic-
inorganic films, through atomic layer deposition (ALD) and CVD, consisting of alternating 
layers of polymer and metal oxides or nitrides (Figure 1.21). Such structures offer 
improved barrier properties to single layered coatings, acting similar to ultra-high aspect 
ratio fillers due to the presence of microcracks and pinholes, significantly retarding 
diffusing gasses. For example, 3.5 dyads of 25 nm AlOx and 125 nm plasma polymer (PP) 
on a PEN substrate, where 0.5 dyads means a top layer of 25 nm AlOx, showed a WVTR or 
1.2x10-3 g/m2day in 90 % RH.[110] Vitex Technologies Inc. has reported WVTR as low as 
1x10-5 g/m2day in a multilayered 3 dyad film using AlOx.[111,112] Calcium button tests 
encapsulated with these films showed minimal calcium degradation at 60 °C and 90 % RH 
for up to 1 month, and encapsulated plastic test pixels showed no black spots in similar 
conditions up to 15 days (Figure 1.22).[113] 
1.4.1 Oxygen Scavenging Materials 
In the development of food, beverage and electronics packaging materials, the 
principle concern is in the prevention of gasses such as oxygen and water vapor from 
interacting with and degrading the packaged organic constituents. Many foods are very 
sensitive to oxygen, and food deterioration is largely caused by oxidation reactions, which 
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can also cause the growth of aerobe microorganisms. Similarly in electronics, both water 
vapor and oxygen contribute to degradative processes; oxygen, however, is strongly 
associated with the degradation of conductive organic materials, especially those bearing 
phenylene groups, and can easily oxidize low work function metals such as calcium and 
lithium. Many strategies, such as vacuum packaging and modified atmosphere packaging 
(MAP), have been applied in the past, but either leave residual oxygen levels too high for 
most shelf life requirements or fail to address oxygen permeating from the outside 
environment.[114,115] To provide continuous protection to oxygen sensitive goods, active 
packaging utilizing oxygen scavenging materials have been explored and developed.  
Oxygen scavenging technology is based on the oxidation or combination of 
components such as iron powder, ascorbic acid, photosensitive polymers or enzymes with 
oxygen, which has shown to reduce oxygen levels to below 0.01 %.[116] Early applications 
of oxygen scavengers in product packaging was through the use of small sachets 
containing metallic reducing agents like iron oxide powder, ferrous carbonate and 
metallic platinum. The materials within these sachets react with any oxygen present 
within the packaged volume, both already present after sealing and due to diffusion 
through the packaging material. The oxygen scavenging mechanism based on iron 
oxidation is described as:  
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Another common oxygen scavenging materials used in small sachets is ascorbic acid, 
which rapidly reacts with oxygen in the presence of copper according to the mechanism: 
 
However, these materials are moisture dependent and require the presence of 
water to activate certain components, which eliminates their use in dry packaging 
applications.[117] Active scavengers such as ascorbic acid, enzymes and even spores can 
also be made a part of the packaging structure itself, as in the case of an endospore-
forming bacteria genus Bacillus Amyloliquefaciens incorporated into PETG bottles (Figure 
1.23)[118] or glucose oxidase incorporated into PP and PE bottles.[119] Most commercially 
available polyester beer and juice bottles incorporate cobalt-catalyzed nylon MXD6 into 
their core layer, and Chevron-Phillips produces a system utilizing an oxidizable resin, 
ethylene methyl acrylate cyclohexene methyl acrylate (EMCM).[120] Additionally, 
photosensitive dyes can be impregnated into polymeric structures, which activates upon 
UV irradiation, and removes oxygen much faster than traditional scavengers.[121]  
Many of the previously mentioned oxygen scavenging materials have limitations 
such as requiring water to activate components, or reacting too slow to prevent fast 
oxidation processes such as photosensitized oxidation. As an alternative to these systems, 
rapidly reacting oxygen scavenging metals such as palladium catalysts have been 
explored, as either an insert within the packaging, as developed by Emco Packaging 
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Systems[122], or as a thin vacuum deposited layer on polymer films.[123] Brody et al. has 
reported that the use of palladium catalysts can maintain a 0.0001 % oxygen level over a 
six month product shelf life[124], and Sangerlaub et al. has shown that palladium reacts at 
a much faster rate than traditional oxygen absorbers such as iron powder (Figure 
1.24).[123] Palladium reacts with atmospheric oxygen and hydrogen on its surface 
according to the Langmuir-Hinshelwood Mechanism. The mechanism is based on the 
adsorption of oxygen and hydrogen from the gas phase, which react on the surface of 
palladium (Figure 1.25), producing water as a product, the rate of which is controlled by 
the degree of adsorption of the components.[123,124]  
In a recent study by Yu et al., an in situ infusion method[125] was used to 
incorporate small amounts of nano-sized palladium particles (~1 wt.%) into polymers such 
as PP, LLDPE, PET, PA6 and fluorinated ethylene-propylene (FEP) copolymer.[126] Films 
infused using this technique resulted in palladium particles of around 10-40 nm in 
diameter throughout its thickness (Figure 1.26), providing a large degree of surface area 
available for catalyzing diffusing oxygen and hydrogen. Films containing less than 1 wt.% 
Pd were shown to reduce oxygen flux (with an accompanying 2 % hydrogen in the purge) 
by over 2 orders of magnitude, and trace hydrogen present in air (0.00005 vol.%) was 
sufficient to reduce oxygen permeability by over 20 %. Additionally, water produced 
during the catalyzed reaction exhibited negligible effects on the water transport 
properties. 
1.5 Research Rationale and Objectives 
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In both academic and industrial locations, the study of the structure property 
relationships of multilayered thin films has become an area of significant interest for 
investigation and discovery. As layer-multiplying coextrusion continues to evolve into the 
nanoscale regime, new opportunities arise to discover unique properties controlled by 
interfacial or confinement induced phenomena. The driving force for such efforts is 
attributed to huge commercial opportunities in both structural and packaging 
applications, in the effort to achieve improvements in film properties at lower costs and 
using simpler fabrication procedures. For such films in the area of blends and composites, 
there is a wide variety of potential for improvements in both mechanical and barrier 
properties. Within the field of POSS-polymer melt-blend systems, research has 
demonstrated property enhancements dependent on a high degree of POSS-polymer 
interactions, especially in oriented or confined systems. This work, however, does not 
investigate such enhancements in multilayered and oriented film systems. Thus, the first 
goal of this research is to investigate the structure property relationships in POSS-polymer 
multilayered films. This presents a unique opportunity to develop new advances in the 
field of polymer science, exploring the potential property enhancements in layer confined 
systems before and after orientation. 
Building on the potential for improvements in gas barrier properties of 
multilayered films systems, the second goal of this research is to investigate the 
development of micro/nano composites with highly aligned, high aspect ratio, ultra-low 
Tg Pglass platelets. Research has shown significant improvements in gas barrier properties 
for multilayered films containing Pglass particles, oriented to elongate the particles into 
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Pglass platelets. The primary goal of this portion of the research is to further the 
understanding of Pglass elongation within BOPP films, and investigate the resultant 
structures and properties of Pglasses with lower Tgs incorporated into, and oriented 
within, multilayered films.  
Finally, the development of new technologies in the infusion of metal 
nanoparticles has opened a wide variety of possible property enhancements, especially 
in the area of oxygen scavenging materials. The infusion of oxygen scavenging metal 
nanoparticles in multilayered films presents the potential for developing new ultra-high 
gas barrier films, currently un-achievable by traditional methods. The goal for this portion 
of the research is to develop and investigate the effect of multilayered polymer films 
infused with palladium nanoparticles on the film’s oxygen and water vapor barrier 
properties.  
Objectives 
1) Preparation of melt-blended POSS systems similar to previous work (iPP and PA6 
in melt-spun fibers) which will extend the understanding of POSS polymer 
interactions in layered and oriented film structures. 
2) Synthesis of inorganic phosphate glasses with ultra-low Tg values for melt 
processing, and incorporation into polypropylene. 
3) Preparation of multilayered polymer films infused with oxygen scavenging metal 
nanoparticles to investigate the effect on oxygen and water vapor barrier 
properties. 
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 The first part of this thesis (Chapter 2) describes the preparation and 
characterization of a series of multilayered iPP-POSS and PA6-POSS melt-blend film 
systems. This work was carried out as an extension of previous work with similar PA6 
based polymers in melt-spun fibers. It was initially hypothesized that a high degree of 
POSS-polymer interactions, along with forced confinement within layers, would result in 
reinforcement to the film structure. This, however, was not the case, as POSS separates 
from the polymer matrix, resulting in the formation of voids upon elongation. Other 
factors in the orientation and crystallization of the polymer matrices did, however, lead 
to improvements in the mechanical properties of the films. This work serves to emphasize 
that POSS is a poor filler, and behaves as a processing aid, rather than a reinforcement 
molecule. 
 The second part of this thesis (Chapter 3) describes a new class of organic 
polymer/inorganic Pglass composite materials based on low Tg glass which can be melt-
blended with polymers under typical processing conditions. This work was carried out as 
an extension of previous work with similar PPgMA/Pglass based polymer systems, utilizing 
a new ultra-low Tg Pglass. It was initially hypothesized that the lower Tg Pglass would 
result in enhanced drawing properties of the glass, leading the higher aspect ratio 
platelets and thus further improvements in gas barrier properties. This, however, was not 
the case, as the Pglass lacked interaction with the polymer matrix, instead remaining as 
spherical, phase separated particles during drawing, and resulting in the formation of 
large voids. This, in turn, led to a significant decrease in the gas barrier properties of the 
oriented films.  
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 Finally, the third part of this thesis (Chapter 4) describes the infusion of oxygen 
scavenging metal nanoparticles into multilayered polymer films. This method of 
enhancing the gas barrier properties of polymer films enables the fabrication of flexible 
high-barrier films, and avoids many drawbacks associated with more commonly used 
coating and layering techniques. Initial results showed significant improvements to the 
oxygen barrier properties, and slight improvements to water vapor barrier properties, 
while maintaining high transparency and flexibility required for a wide variety of barrier 
applications. Therefore, this technique shows great promise in the development of 
flexible barrier polymers for emerging technological applications in OLEDS and OPVS. 
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Figure 1.1: Molecular structure of polyhedral oligomeric silsesquioxane. 
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Figure 1.2: Random (A), ladder (B) and partial cage (C) POSS structures.  
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Figure 1.3: A) Incorporation of octavinyl-POSS into PMMA. B) Improved thermal 
properties of POSS-PMMA system.[34] 
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Figure 1.4: Structures of various POSS copolymers: A) polyethylene-co-POSS[37] B) 
polystyrene-co-POSS[40] C) Norbornyl-co-POSS[42]. 
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Figure 1.5: Amphiphilic POSS-PEG-POSS telechelic structure.[45] 
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Figure 1.6: Hansen solubility values and relative energy distance (RED) calculation for 
PA6-SO1458 (trisilanolphenyl POSS) and PA6-AM0265 (aminopropylisobutyl POSS) 
combinations.[58] 
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Figure 1.7: Young’s modulus vs POSS content (wt.%) for A) bulk injection molded 
POSS/PA6 bulk composites and B) melt spun POSS/PA6 composite fibers.[59] 
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Figure 1.8: Phosphate tetrahedral sites that can exist in phosphate glasses.[62] 
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Figure 1.9: SEM micrographs of A) ZnPglass-LCP blend showing beads and fibers and B) 
ZnPglass-PEEK blend showing elongated microstructures.[72] 
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Figure 1.10: Elongation of ZnPglass (60 wt.%) in PPS A) As-Injection molded, B) after 50 
% strain.[74] 
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Figure 1.11: Three optimized geometries for Pglass based on XPS data. Orange atoms 
represent P, dark grey – Sn, red – O, light blue – F and white – H. Hydrogen atoms were 
added to terminate the structures and are not believed to be present in the actual glass 
samples.[79] 
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Figure 1.12: SEM micrographs of Pglass-LDPE hybrids at Pglass volume fractions of A) 10 
%, B) 30 % and C) 50 %.[82] 
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Figure 1.13: Plot of complex viscosity, η*(ω), vs. complex modulus, G*(ω), for Pglass-
LDPE hybrids. A sharp upturn in η*(ω) at low G*(ω) indicates the existence of a yield 
stress.[82] 
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Figure 1.14: Ratio of maximum elongational viscosity (µmax) to zero shear viscosity (η0) of 
Pglass-LDPE hybrids as a function of hybrid composition, indicating the strain hardening 
character of the hybrid material.[69] 
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Figure 1.15: SEM micrographs of Pglass-LDPE hybrids before melt elongation (column I) 
and after melt elongation (column II), as a function of Pglass vol.%.[69] 
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Figure 1.16: Complex viscosity vs. complex modulus for pure polyamide 12 and studied 
hybrids at A) 190 °C and B) 250 °C.[69] 
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Figure 1.17: SEM micrographs of the cross section of multilayered PPgMA-Pglass hybrid 
films, with 10 vol.% Pglass, before (A) and after (B) biaxial orientation.[94] 
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Figure 1.18: A) Full color flexible OLED prototype from Sony lab. B) OLED as a solid stating 
light application developed by General Electric and Konica Minolta. C) Pentacene/C60-
based OPV on a plastic substrate by Bernard Kippelen’s research group at Georgia 
Institute of Technology. D) OTFTs array fabricated by a printing process on a plastic 
substrate.[127] 
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Figure 1.19: Barrier requirements for different applications.[100] 
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Figure 1.20: Illustration of the increased tortuosity of diffusing gas molecules due to the 
addition of high aspect ratio platelets.[107] 
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Figure 1.21: SEM cross-sectional micrograph of the BarixTM multilayered organic-
inorganic film.[112] 
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Figure 1.22: BarixTM multilayered organic-inorganic film encapsulating A) PLED test 
pixels, demonstrating no black spot growth and B) calcium button tests, demonstrating 
no change in permeation after 570 hours at 60 °C and 90 % RH.[112] 
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Figure 1.23: Schematic representation of a multilayered PET-PETG-PET bottle containing 
oxygen scavenging bacterial spores embedded in the PETG layer.[119] 
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Figure 1.24: O2 partial pressure vs time in a closed environment, demonstrating the 
oxygen scavenging rate of a vacuum coated Pd film vs a traditional iron powder 
sachet.[124] 
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Figure 1.25: Illustration of the Langmuir-Hinshelwood mechanism for the reaction of Pd 
with O2 and H2.[124] 
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Figure 1.26: AFM cross-sectional phase images of a FEP film infused with Pd 
nanoparticles taken at A) the edge of the film and B) the center of the film.[126] 
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Chapter 2 
Multilayered Confinement and Orientation of iPP/TPOSS and Nylon 6/APOSS Blends 
2.1 Abstract 
A series of isotactic polypropylene and nylon 6 blends with silsesquioxane (POSS) 
additives were produced, then layered to nanometer thicknesses to examine the effects 
of confinement upon polymer property modification.  POSS is shown to be a poor filler, 
lacking solubility and favorable interaction with the polymer matrices.  It was initially 
hypothesized that under extreme confinement and orientation, such as in melt-spun 
fibers, or confined within 2D nanoscale layers, that POSS would undergo forced-assembly 
into elongated, rebar-like reinforcement structures, or even act as crosslinking molecules 
for the polymer chains.  The current results, however, show POSS existing as large, phase 
separated aggregates, in order to minimize interactions with the polymer matrix; the 
aggregates behave as debonded hard particles upon tensile deformation.  POSS has been 
previously shown to enhance the properties of polymer matrices in which the POSS 
molecules have been grafted to, or copolymerized within the chain, but this is not the 
case for these POSS blends.  Comparing results from the iPP/DBS/TPOSS system, in which 
POSS is unable to directly interact with the polymer matrix, and the nylon 6/APOSS 
system, in which POSS can potentially form hydrogen bonds with the polymer matrix, 
similar results reveal that POSS blends are largely incompatible with the polymer matrix. 
Small improvements in blend properties can be made via functionalization of the POSS 
cage, in order to enhance interactions, but these improvements are quite limited. Even 
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under extreme confinement conditions, where significant deviations from bulk behavior 
occurs, such as within melt-spun fibers or nanoscale layers, POSS was unable to be 
forcibly-assembled into reinforcing structures with the polymer matrix.  
2.2 Introduction 
The reinforcement of polymers attempts to combine the advantageous processing 
properties of organic materials and the desired characteristics of specific fillers, with the 
end result typically being a volumetric average of contributions from the individual 
components.[1]  Dramatic improvements in composite systems have been achieved using 
a relatively low amount of fillers; this can be more easily attained as the filler size is 
decreased to the micro- and nano-scale, taking advantage of enhanced surface properties 
and increased interfacial interactions.[1]  As filler size is reduced to the nanoscale, 
however, differences in surface energy become drastically more significant, often leading 
to aggregation of nanoparticles. The ability of such fillers to disperse within a polymer 
matrix is vital to the final composite properties, leading to many approaches which have 
been used to increase the quality of such dispersions, including the incorporation of 
dispersants, grafting onto polymer chains or even copolymerizing fillers directly into the 
desired polymer chains.[1,2]  
One of the more widely studied and used families of nanoscale fillers/additives 
are the silsesquioxanes, also known by the commercial name POSS® (polyhedral 
oligomeric silsesquioxane).  POSS molecules are hybrid caged molecules related to 
silicones, with a chemical structure (RSiO1.5) consisting of an inorganic core (SiO1.5) and 
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organic side groups (-R).  As a result of this structure, POSS can be incorporated into 
polymer systems in a number of ways including blending, grafting and 
copolymerization.[3-11] Many variations of POSS molecules can be synthesized and are 
illustrated in Figure 2.1, including non-caged structures such as random and  ladder 
structures, caged structures such as the T8, T10 and T12 geometries, and partial caged 
structures which have one or more open corners.[1]  The potential advantages gained from 
the incorporation of POSS come from its hybrid organic-inorganic nature, wherein the 
inorganic core provides molecular reinforcement, while its organic periphery allows for 
covalent or non-covalent interactions with the host polymer.  By modifying the type of 
cage and surrounding organic groups, the properties of POSS can span the gap from 
inorganic materials to organic substances.[12] Aside from the synthesis and preparation of 
POSS molecules, the efficiency of their physical properties is primarily dependent on their 
abilities to homogeneously disperse and interact with the polymer matrix, which in turn 
is dependent on the thermodynamic interactions between POSS and polymer.[9,13]  
A great deal of research has focused on the effects of POSS which has been grafted 
onto[3,8] or copolymerized[4-7] into a polymer chain.  Less understood is the behavior and 
interactions of POSS blended into a polymer system, and how to obtain successful 
reinforcement or polymer vitrification when using POSS as an additive.  Many studies 
have examined blending of POSS into different polymer systems, but most have included 
high concentrations of POSS upwards of 10 wt.%.[14-18] Many of these previous studies 
have also deemed POSS as a structurally ineffective filler, due to the high degree of 
aggregation, which significantly reduces the properties of the blend. What these studies 
86 
 
have overlooked is the low critical solubility ratio of POSS within these systems. Recent 
work has explored the solubility parameters of POSS-polymer combinations, in an effort 
to make predictions about dispersion and compatibility.[19-21] These solubility parameter 
methods produce inaccurate results, and ignore contributions from hydrogen bonding, as 
well as contributions from the core silicate group.[13]  The optimal solubility of POSS 
additives in specific polymer matrices can be better determined using Hansen solubility 
parameters, which includes contributions from dispersion, polar and hydrogen bonding 
forces, and more accurately predict POSS-polymer interactions and POSS dispersion 
uniformity, compared with group contribution calculations.[13]  
The enhancement of melt-spun fiber properties of aminopropylisobutylPOSS 
(APOSS)/nylon 6 blends was recently reported.[22]  A “sweet spot” of POSS solubility in the 
polymer matrix exists at a low 2.5 – 3.0 wt.%, where a significant increase in the Young’s 
modulus and yield stress is observed.  This peak in mechanical properties was seen to only 
occur in highly elongated melt-spun fibers, and not in bulk injection molded samples.  At 
low APOSS concentrations, small elongated aggregates were formed in the axial direction, 
although molecular dispersion of APOSS was reported as well.  As the concentration of 
POSS was increased past the critical concentration, larger spherical aggregates began to 
form, resulting in POSS acting primarily as a processing aid with the attendant decrease 
in the blend’s mechanical properties.[22] It was hypothesized that under extreme 
confinement and orientation, such as in melt-spun fibers, that POSS would undergo 
forced-assembly into elongated, “rebar-like” reinforcement structures. Experimental 
evidence was inconclusive, however, as to the mechanism of reinforcement. 
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Based on the results from the Hansen solubility parameter’s prediction of a high 
degree of compatibility between filler and matrix[13], and the previous work with melt-
spun APOSS/nylon 6 fibers[22], two POSS-polymer combinations were chosen for the 
present work, in which to explore the effects of 2D layered nanoconfinement on the 
resultant structure-property relationships of the blends. To produce a system under 2D 
confinement, layer-multiplying coextrusion technology (Figure 2.2) was used in which 
films containing up to thousands of layers can be continuously produced with individual 
layer thicknesses ranging from the micro- to the nanoscale.[23] The first system of 
trisilanolphenyl POSS (TPOSS), blended into isotactic polypropylene (iPP) along with the 
nucleating agent dibenzylidene sorbitol (DBS), represents a system with no direct 
interactions between POSS and polymer.  Instead, the nucleating agent (DBS) is used as a 
dispersant and compatibilizer for TPOSS within iPP.[24-26] The second system of APOSS, 
blended into nylon 6, represents a system in which direct interactions between POSS and 
polymer, via hydrogen bonding, are possible.  Comparison of these two systems under 
multilayered nano-confinement will be reported herein, in an effort to shed more light on 
the self- and forced assembly behavior of POSS-polymer blends, in which POSS is able to 
interact directly and indirectly with the polymer matrix. 
2.3 Experimental 
2.3.1 Materials 
Isotactic polypropylene (Pinnacle PP 1703) was obtained in the form of pellets 
from Entec Polymers, LLC with a melt flow index (MFI) 3.5 g/10 min (ASTM D1238), 
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density 0.9 g/cm3 (ASTM D1505).  Nylon 6 resin (Grilon® FG40-NL) was obtained in the 
form of pellets from EMS-Grivory with MVR 20 g/10 min (ISO 1133), density 1.14 g/cm3 
(ISO 1183).  Two grades of POSS were obtained from Hybrid Plastics (Hattiesburg, MS). 
Trisilanolphenyl POSS (TPOSS, SO1458) and aminopropylisobutyl POSS (-POSS, AM0265) 
were both available in the form of a white powder and were used as received. 
Dibenzylidene sorbitol (DBS), a dispersion aid and nucleation agent, was obtained from 
Milliken Chemicals (Spartanburg, SC) as Millad 3905, with a molecular weight of 358.4 
g/mol and a Tm of 225 °C.  Figure 2.3(A-C) presents the chemical structures of TPOSS, 
APOSS and DBS, respectively.  
2.3.2 Preparation of POSS blends 
All components were dried in a vacuum oven at 100°C for 24 hours prior to 
blending. Two POSS-polymer compositions were weighed and dry-mixed prior to 
blending.  Blend A consisted of isotactic polypropylene, 3.0 wt.% TPOSS and 0.3 wt.% DBS.  
Blend B consisted of nylon 6 blended with 2.5 wt.% and 5.0 wt.% APOSS. Blend 
compositions were selected for optimal solubility in their respective polymers as 
determined reported previously.[13]  Mixtures were melt-bended using a Haake twin 
screw extruder at 190°C, for blend A, and at 240°C, for blend B, at a rotor speed of 20 
rpm.  Extrudate was collected and pelletized in preparation for multilayer extrusion. 
2.3.3 Film Preparation 
Prepared blends were fed through a multilayered extrusion process, which utilizes 
a process of forced assembly through sequential layer multiplication to fabricate thin 
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alternating layers of two or three separate polymers.[21] Multilayered films were extruded 
in an (AB)n layered structure, containing TPOSS and DBS for blend A, and APOSS for blend 
B, in alternating layers of 256 and 1024 total individual layers.  For each of the two POSS-
polymer systems, neat multilayered control films were also prepared. In addition to the 
blend A system, three multilayered control films were produced containing 1024 layers; 
Neat iPP with no fillers, iPP with 0.3 wt.% DBS in alternating layers and iPP with 3.0 wt.% 
TPOSS and 0.3 wt.% DBS in all layers. In addition to the blend B system, a multilayered 
neat nylon 6 film was produced containing 1024 layers.  Films were extruded at 255 °C 
and 245 °C, for blends A and B, respectively, at a screw speed of 10 RPM.  Resultant 
extruded films were cold drawn on a chill roll to thicknesses ranging from 12 mil (305 µm) 
to 1 mil (25 µm), producing individual layer thicknesses from 1200 nm to 25 nm.  
2.3.4 Biaxial Orientation 
Square specimens 85 mm x 85 mm were cut from the extruded films, marked with 
grid patterns, and biaxially stretched in a Bruckner Karo IV biaxial stretcher at 162 °C and 
210 °C, for A and B film types, respectively, with preheat time fixed at 1 min. Engineering 
strain rates of 400% s-1 were used to simultaneously and equi-biaxially draw the square 
specimens to draw ratios of 3x3 and 4x4. The uniformity of the drawn specimens was 
determined from the even deformation of the grid patterns. 
2.3.5 Mechanical properties 
In order to determine the mechanical properties of the extruded multilayered 
films, ASTM type V tensile bars were cut and tested on an Instru-Met Corporation 1 kN 
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load cell using Instron pneumatic thin film grips.  A strain rate of 11 mm/min was used 
and the resulting tensile data was analyzed on MTS Testworks software.  The films were 
characterized in terms of Young’s modulus (MPa) and yield stress (MPa), with respect to 
individual layer thicknesses. 
2.3.6 Image Analysis 
The morphology of the POSS-polymer multilayered films were observed edge-on 
by scanning electron microscopy (SEM) using JOEL JSM-6510 scanning electron 
microscope. In order to acquire edge-on images, films were embedded between two thin 
layers of epoxy, to provide structural stability, and microtomed at -100°C using a Leica EM 
FC6 microtome to provide a smooth homogeneous surface. Films were sputter coated 
with a thin layer of gold prior to imaging. 
Analysis of grain size was observed using an Olympus BH2 polarized optical microscope. 
2.3.7 Thermal Analysis 
The thermal behavior of the POSS-polymer blends at various layer thicknesses was 
investigated using a DSC200 (Mettler Toledo) differential scanning calorimeter (DSC) 
under continuous nitrogen purge, at a flow rate of 60 ml/min. The thermal properties 
such as melting temperature (Tm), glass transition temperature (Tg), and enthalpy change 
(ΔHm) in melting were determined at a heating rate of 10°C/min from 25 - 250°C. 
2.3.8 Rheological Analysis 
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A Paar Physica 501 rheometer from Anton Paar, operated with a 25 mm parallel 
plate setup was used to measure the rheological dynamic properties of the nylon 6 and 
nylon 6/APOSS blends at 240 and 245 °C. Disk-shaped specimens of 25 mm diameter and 
1 mm thickness were molded at 240 °C in a compression mold. The specimens were 
subjected to 240 °C for 5 min during molding. The polymer compound in the rheometer 
was first heated and kept at the desired temperature for 2 min to reach equilibrium. Then, 
frequency sweep at constant temperature with oscillatory shear frequency between 1 
and 100 rad/s was performed. A linear viscoelastic regime was independently confirmed 
under these conditions. 
2.3.9 WAXD Analysis 
Wide angle X-ray diffraction (WAXD) of the POSS-polymer blends were 
investigated using a Brukner wide angle X-ray instrument with sealed tube –ray generator 
and Cu-Kα radiation producing an incident wavelength of 1.54 Angstroms. The WAXD 
patterns were examined with respect to layer thickness in order to observe any changes 
in crystal structures with increased confinement of layers. 
2.3.10 Raman Spectroscopy 
MicroRaman scattering studies were performed at room temperature with a 
Horiba Jobin Yvon LabRam HR800 spectrometer equipped with a charge coupled detector 
and two grating systems (600 and 1800 lines/mm) A He-Ne laser (λ=632.8 nm) was 
focused on the sample with an Olympus microscope at an optical power of 17 mW and a 
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spot size of 1 µm2. Raman shifts were calibrated with a silicon wafer using the 520 cm-1 
line. 
2.4 Results and Discussion   
2.4.1 TPOSS/DBS/iPP Multilayered Films 
Multilayered films containing an alternating layer structure (AB)n of 256 and 1024 
layers, with A layers consisting of 3.0 wt.% TPOSS and 0.3 wt.% DBS in iPP, and B layers 
consisting of 0.3 wt.% DBS in iPP, were successfully produced using the processing 
equipment illustrated in Figure 2.2. In addition to the alternating layered films, TPOSS, 
DBS and iPP control films with similar layer structures were extruded containing 3.0 wt.% 
TPOSS and 0.3 wt.% DBS in every layer, 0.3 wt.% DBS in every layer, and neat iPP without 
any additives, respectively. 
Mechanical tensile testing was performed on samples with total film thicknesses 
of 12, 8, 4, 2 and 1 mil (1 mil = 25.4 µm), to examine the effects of decreasing film and 
layer thickness.  Testing was also performed on biaxially stretched samples (3x3 and 4x4 
draw ratios).  Data collected from tensile testing (Table 2.1) shows a significant increase 
in the Young’s modulus and yield stress for films containing TPOSS and DBS, as layer 
thickness decreased below 100 nm (4 mil film thickness) in 256 layered films, and below 
50 nm (2 mil film thickness) in 1024 layered films.  Neat multilayered iPP films exhibit 
much lower mechanical properties relative to those containing TPOSS and/or DBS.  For 
TPOSS/DBS containing films, as the as-extruded film thickness was reduced from 12 mil 
(304.8 µm) to 1 mil (25.4 µm), Young’s modulus rose by an average of 30 % for all film 
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types, and by over 100 % in the 256 layered films.  The yield stress data followed a similar 
trend, increasing with decreasing film and layer thickness.  As the layer thickness was 
reduced below 200 nm, yield stress was observed to increase by 100 % for all TPOSS/DBS 
containing film types, from approximately 40 MPa to 80-90 MPa.  The layered iPP control 
remained relatively constant at approximately 40 MPa at all thicknesses tested.  
Biaxially oriented films, which by nature of the stretching process have decreased 
film and layer thicknesses, exhibited even greater increases in the tensile properties than 
the un-oriented samples.  Young’s moduli increased by 10-50 % upon drawing for all POSS 
containing films, while neat iPP and DBS control films did not exhibit such increases.  Yield 
stress increased by approximately 50 % for 1024 and 256 layered POSS films, but no 
increases were seen for the control films.  
The polar nature of TPOSS prevents it from dispersing well in polypropylene, which 
previously led to the use of DBS as a dispersing agent for TPOSS in iPP.[26]  It was 
demonstrated that DBS and TPOSS were capable of forming several complex molecular 
adducts through hydrogen bonding and π-π stacking, but no covalent interactions 
occurred.[26] It was also revealed that TPOSS prefers to form covalent inter- and intra-
molecular bonds between silanol groups, which results in large phase separated 
aggregates ranging from less than 1 µm up to 20 µm in diameter.  As evidenced from the 
SEM image in Figure 2.4, these aggregates are fully debonded from the iPP matrix.  Upon 
tensile deformation, void formation occurs due to cavitation localized at particle-matrix 
interfaces.  Deformation of the polymer matrix around debonded particles occurs parallel 
to the loading direction on both sides of the TPOSS aggregate, leading to plastic 
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deformation through shear yielding.[27] Thermal analysis of the TPOSS/DBS films further 
confirms that TPOSS aggregates are non-interacting with the iPP matrix, as indicated by a 
lack of change in the melting behavior of iPP (Figure 2.5) between controls and TPOSS 
containing films, with respect to decreasing layer thickness.  Consistency of the melting 
temperatures indicates that TPOSS and DBS are not covalently interacting with the iPP 
matrix.  The presence of shoulders at around 160°C in both 8 mil and 1 mil samples, as 
well as the double peak in the 1 mil iPP control, can be explained as a disorder-order 
transition. This transition represents partial melting of iPP daughter- and mother lamellae 
formed through cross-hatching.[28] 
Secondary strengthening effects of the polymer matrix, such as micro-void 
formation around debonded TPOSS aggregates leading to shear banding and yielding, can 
provide small enhancements primarily to the films’ tensile modulus.[29] We believe that 
the primary strengthening mechanism responsible for increasing yield stress and 
modulus, with respect to decreasing layer thickness, comes from reduction of the average 
iPP spherulite size and orientation of the polymer chains.  Changes in spherulite size are 
induced by additional nucleation sites provided by DBS and TPOSS aggregates.  
Specifically, the formation of fibrillar networks by DBS from the melt, through hydrogen 
bonding and π-π stacking interactions, provides additional nucleation sites for iPP crystal 
growth, and is commonly used in industry to produce transparent polypropylene.  
Spherulitic size was determined using polarized optical microscopy (POM), which showed 
that films containing POSS and DBS contain a smaller average spherulitic diameter, 
compared with neat iPP films.  It was previously demonstrated, that in the presence of 
95 
 
TPOSS, the fibrillar concentration formed from DBS is reduced, due to complex hydrogen 
bonding interactions between the two molecules.[30] Thus the ability of DBS fibrils to 
provide additional nucleation sites is hindered above a critical TPOSS/DBS ratio.[26] Films 
containing only DBS have a smaller average spherulitic size than films containing both DBS 
and TPOSS, which in turn have smaller spherulites than neat iPP, as is shown in Figure 2.6. 
In neat polypropylene, which does not contain any nucleating agents or fillers, 
larger spherulites result in higher modulus and lower yield stress values.[31] Samples 
containing smaller spherulites deform by necking and cold drawing, followed by fibrillar 
fracture, leading to an increase in yield stress as observed in the current system, but larger 
spherulites tend to undergo brittle fracture.[31] Higher modulus values are due to less 
volume occupied by amorphous grain boundaries between spherulites, which are weaker 
and more easily deformed than the crystalline phase.[31] This behavior is noticeably 
different from the data presented in Table 2.1, which shows an increase in modulus with 
respect to decreasing spherulite size, perhaps resulting from the presence of DBS fibrils, 
or TPOSS aggregates collected within crystalline regions forming microvoids upon 
deformation.  For a larger average spherulite size in thicker films, less amorphous volume 
leads to a higher relative TPOSS concentration within the crystalline regions. Upon 
deformation, the small inter-aggregate distances in highly concentrated areas can lead to 
the lateral coalescence of microvoids, reducing the samples ability to withstand stress 
loads.[32] As the average spherulitic size is reduced, higher amorphous volumes allow a 
better dispersion of TPOSS aggregates into amorphous regions, lowering TPOSS 
concentrations in crystalline areas.  
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This trend of increasing yield stress with respect to decreasing spherulite size is 
plotted in Figure 2.7 to demonstrate a phenomenon similar to the Hall-Petch relationship 
seen in metals such as mild steel, iron, molybdenum, cadmium and zinc containing small 
amounts of nitrogen.[33,34] In metals, the effect of grain size on the yield point involves 
dislocations at the grain boundaries which interfere with plastic slip.[34] It is not clear, 
however, the extent to which this idea applies to polymers. It is shown in Figure 2.7, 
compared with neat multilayered iPP, films containing POSS/DBS see a significant 
increase in yield stress with reduction in spherulite size. This trend is even more 
prominent in the film system containing TPOSS in all layers (TPOSS control), relative to 
TPOSS in alternating layers.  
Decreasing film and layer thickness is also responsible for further decreases in 
spherulite size due to the confinement of spherulites within individual layers.  Thus as the 
layer thickness is reduced below a critical spherulite thickness, the spherulites are 
reduced in size, until a point where the film becomes highly amorphous in biaxially 
oriented samples.  Thicker 12 mil films showed an average spherulite size of 17-19 µm, 
which was reduced to around 10-12 µm for 1 mil films (Figure 2.6).  The results presented 
in Figure 2.6 of average grain size vs. film thickness illustrates a trend of decreasing 
spherulite size with decreasing film thickness, due to reduction of individual layer 
thicknesses below a critical spherulite size.  Based on POM images shown in Figure 2.8, 
biaxially oriented samples, stretched to 3x3 and 4x4 draw ratios from 12 mil and 8 mil 
thick films, exhibit an increased amount of amorphous regions.  As a result of the biaxial 
orienting process, iPP chains become elongated and oriented parallel to the loading 
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directions, diminishing the spherulite size and concentration.  The tensile properties of 
the biaxially oriented films, presented in Table 2.1, show a significant increase in modulus 
for TPOSS containing films, and in yield stress for all non-control films.  This selective 
increase in tensile properties demonstrates a shift in the primary deformation mechanism 
from spherulitic dominated behavior to behavior dominated by the quantity of TPOSS 
present in the system; there exists a critical solubility concentration of TPOSS in iPP.[13] 
Too low a concentration of TPOSS, and it has negligible effects on the iPP matrix, too high 
a concentration of TPOSS, and it phase separates out of iPP in the form of large 
aggregates. These larger and more concentrated aggregates can have a large effect on 
the iPP matrix, where increased void size and small inter-aggregate distances in highly 
concentrated areas can lead to the lateral coalescence of microvoids, reducing the 
samples ability to withstand stress loads.[32] This effect can be observed in the yield stress 
properties, where films containing an optimal wt.% of TPOSS (3.0 wt.%) see further 
increases in yield stress, while films containing higher concentrations of TPOSS, or no 
TPOSS at all, see either no change or a decrease in the yield stress.  Increases in the 
modulus of biaxially oriented films can be primarily attributed to increased orientation of 
the iPP chains in the loading direction, and a shift in the mechanical properties from 
ductile to brittle films.  As the chains become increasingly oriented, there is much less 
chain movement upon deformation, and crazing, rather than shear yielding, becomes the 
main deformation mechanism. 
To further probe the effect of TPOSS and DBS on the reinforcement of 
multilayered iPP films, wide angle X-ray diffraction (WAXD) was performed on all film 
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samples (Figure 2.9). These results clearly indicate that iPP crystallizes into an α-
polypropylene crystal structure for all film types. The α phase is characterized by a 
monoclinic unit-cell crystal structure (a = 6.66; b = 20.78; c = 6.495 Å and β = 99.6°) and is 
the most common crystal form in iPP.[28]  It can be observed that the only peaks present 
in the spectra belong to the α phase form of iPP, and no additional peaks arise due to the 
incorporation of TPOSS or DBS into the system.  
For as-extruded film samples, a gradual decrease in peak height is observed with 
respect to decreasing film and layer thickness.  This peak decrease can be attributed to 
the reduction of spherulite size, and increased volume of amorphous iPP. Biaxially 
oriented film samples show further reduction in the α-iPP spectrum, except for the 110 
peak, in which peak height increases for 3x3 drawn biaxially oriented samples.  This peak 
is representative of the periodicity along the chain length, and can be attributed to 
increased orientation of the chains in the loading direction after drawing.  The reduction 
in WAXD peak heights, and thus crystallinity in the sample, was also verified using DSC.  
In this method, crystallinity can be calculated from the heat of enthalpy (area under the 
melting peak), using the equation in the inset of Figure 2.10. The trend of decreasing 
crystallinity with respect to decreasing layer thickness, shown in Figure 2.10, is consistent 
with our earlier conclusions. 
2.4.2 APOSS/ Nylon 6 Multilayered Films 
A second system of multilayered films, consisting of aminopropylisobutyl POSS 
(APOSS) melt blended into nylon 6, was produced using the processing equipment 
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illustrated in Figure 2.2, and characterized as a function of POSS concentration and layer 
thickness.  Five film sets were prepared, varying the weight percent of APOSS around a 
critical concentration of 2.5 wt.%, from 0 – 5 wt.%, and varying the overall number of 
layers within the films; 1024 layered films of neat nylon 6 (0 wt.%), 2.5 and 5.0 wt.% 
APOSS in alternating layers, and 256 layered films of 2.5 and 5.0 wt.% APOSS in alternating 
layers.  For each of the film sets, variation of the layer thickness was accomplished by 
changing the overall thickness of the films.  Film thicknesses of 12, 8, 4, 2 and 1 mil (1 mil 
= 25.4 µm) were extruded.  Biaxially oriented samples were also prepared from the 
extruded films by drawing 12 mil and 8 mil thick films to a 3x3 draw ratio, to produce 
highly oriented layer thicknesses between 34 and 22 nm. 
Tensile testing was performed on all samples, which were characterized in terms 
of their Young’s modulus (MPa) and yield strength (MPa). In similar behavior to the 
TPOSS/DBS/iPP films, tensile data presented in Table 2.2 shows a gradual increase in 
tensile properties with respect to decreasing layer thickness below 100-200 nm.  In 
comparing the mechanical property trends of films between 12 to 1 mil thicknesses, the 
elastic modulus shows a minimum increase of around 60-75 % for 1024 layered films, 
from around 500 MPa up to 850 MPa, and a maximum increase of 85-160 % for 256 
layered films, from around 600 MPa up to 1450 MPa. Control films, containing no APOSS, 
likewise saw a significant increase in the elastic modulus by over 100 %, from 370 MPa up 
to 775 MPa.  Biaxially oriented films displayed even further escalations in the elastic 
modulus for 1024 layered APOSS containing films by as much as 140-175 %, to above 2000 
MPa, compared to 250 %, up to 2750 MPa, for the nylon 6 control.  
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Yield stress results exhibit slightly different trends comparing 12 to 1 mil film 
thicknesses, where a maximum increase of 60-70 % occurs in APOSS containing 256 
layered films, from 40-45 MPa up to 70-75 MPa.  In 1024 layered films, a smaller increase 
in yield stress of around 20 and 40 % is seen for films containing 2.5 and 5.0 wt.% APOSS 
respectively, from around 40 MPa up to 50 MPa.  Control films see a smaller increase in 
yield stress by around 15 %, from 41 to 48 MPa.  However, there is no clear correlation in 
yield stress with respect to APOSS wt.%, as seen in the as-extruded Young’s modulus 
properties.  Biaxially oriented films exhibit contrasting trends between 256 and 1024 
layered films, where 256 layered films see a significant decrease in yield stress by 60 and 
30 %, for films stretched to a 3x3 draw ratio from 12 mil and 8 mil thick films, respectively.  
On the other hand, biaxially oriented 1024 layered films see an increase in yield stress by 
30 and 60 %, for 2.5 wt.% APOSS stretched from 12 mil and 8 mil thick films, respectively. 
1024 layered films containing 5 wt.% APOSS only see a slight increase of less than 8 %.  
Neat nylon 6 control films also see an increase in yield stress for biaxially oriented samples 
by 25 and 50 %, for films stretched from 12 mil and 8 mil thick films, respectively.  The 
neat nylon 6 films exhibit the lowest increases in yield stress for as-extruded films, but 
see the highest increase for biaxially oriented films. 
It is evident from these results that neat nylon 6 control films, compared with 
APOSS containing films, undergo equal or greater increases in elastic modulus, especially 
in biaxially oriented samples; individual values remain lower for neat nylon 6 in as-
extruded film samples. Neat nylon 6 as-extruded films only see a slight increase in yield 
strength, but biaxially oriented neat nylon 6 samples exhibit higher values than those of 
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APOSS containing films.  These results seem to indicate that the inclusion of APOSS within 
multilayered nylon 6 films results in an overall decline of tensile properties with respect 
to increased orientation, relative to neat nylon 6.  The highest tensile properties, for both 
elastic modulus and yield stress, were observed for the biaxially oriented nylon 6 control 
containing no APOSS.  Films containing 2.5 and 5.0 wt.% APOSS underwent an increase in 
elastic modulus with respect to decreasing layer thickness, but to a lesser extent than the 
nylon 6 control. Films containing 2.5 wt.% APOSS saw a greater increase in modulus than 
films containing 5.0 wt.% APOSS, indicating that higher concentrations of APOSS results 
in greater losses in the elastic modulus.  APOSS containing films saw a higher increase in 
yield stresses, than did the nylon 6 control for as-extruded films; the highest yield stress 
values came from biaxially oriented neat nylon 6 control films.  These results are most 
likely resultant from changes in the crystal structure, as described in the following 
paragraphs, with contribution from phase separated APOSS aggregates strengthening 
films via void formation and crazing, as the nylon 6 matrix elongates around the particles.  
In considering only APOSS contributions, for thicker as-extruded films, greater 
concentrations of APOSS produces higher yield stresses, relative to neat nylon 6.  
However, for highly elongated as-extruded and biaxially oriented APOSS samples, void 
formation and coalesce leads to a decrease in tensile properties and early fracture, 
relative to neat nylon 6. Without the presence of APOSS in the matrix, biaxially oriented 
neat nylon 6 undergoes a high degree of chain orientation, allowing a much greater 
increase in properties. 
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Similar to the iPP/DBS/TPOSS film samples, and displayed in Figure 11, APOSS 
prefers to form large, spherical phase separated aggregates, minimizing interactions with 
the polymer matrix.  Upon tensile deformation, void formation occurs due to cavitation 
localized at particle-matrix interfaces. Deformation of the polymer matrix around 
debonded particles occurs parallel to the loading direction on both sides of the APOSS 
aggregate. In order to produce the thinner as-extruded films, faster uptake speeds are 
used, which can result in greater void formation and elongation during processing.  Thus 
in highly elongated films, lateral coalescence of voids around POSS aggregates can lead to 
early fracture and weakened tensile properties, relative to neat nylon 6.[35]  Thermal 
analysis of the APOSS/nylon 6 films further confirms that APOSS aggregates are non-
covalently interacting with the nylon 6 matrix.  This was determined by a lack of change 
in the melting behavior of nylon 6 (Figure 2.12) between controls and APOSS containing 
films.  
The variation of G’, G’’ and tan δ as a function of frequency at 240 and 245 ºC, the 
same temperatures at which the blends and films were prepared, respectively, for nylon 
6 and nylon 6/APOSS is shown in Figure 2.13. At 240 ºC, a small influence of the APOSS 
content is shown mainly on the viscous behavior (G’’). However, at low frequencies it is 
possible to observe the influence of POSS aggregates in nylon 6/APOSS (5.0 %) samples, 
with the increase of G’ and the formation of a plateau for tan δ. With the increase of 
temperature, the presence of APOSS content is more evident. This is evident from the 
decrease of the loss modulus for nylon 6/APOSS (2.5 %) samples, and an increase for nylon 
6/APOSS (5.0 %) samples. It seems that at low concentrations (2.5 %) there is a better 
103 
 
dispersion of POSS, with some level of nylon 6 – APOSS interaction, most likely weak van 
der Waals forces. This could lead a decrease in chain entanglement and more free volume 
in the melt, resulting in lower viscous behavior. For higher concentrations (> 2.5 %), 
APOSS aggregates produce increases in G’’. The increased storage modulus at 245 ºC for 
5 % APOSS content supports this argument, with a more pronounced plateau for tan δ at 
low frequencies. 
Results from Wide-Angle Xray Diffraction (WAXD) show a standard response of 
the nylon 6 /APOSS films to increasing amount of orientation and faster cooling rates 
during processing. Under a constant extrusion rate, lower shear stresses and slower 
crystallization rates are inherent in the fabrication of thicker films, while extrusion of 
thinner films produces a larger degree of orientation and undergoes faster crystallization 
rates, as a result of the lower volume and faster uptake speeds. Additionally, the presence 
of impurities such as POSS can act as nucleation sites, increasing the number of crystals. 
These differences lead to the formation of the more stable α-nylon 6 crystal structure in 
thicker films, and γ-nylon 6 in thinner, more oriented films.[36] As evident in Figure 2.14, 
as-extruded 12 mil thick films, regardless of the presence of POSS, displayed (200) and 
mixed (002/202) diffraction peaks, at 14.2 and 17.0 nm-1 (d-spacing = 0.440 and 0.370 nm, 
respectively), which are characteristic of the α-nylon 6 crystal structure. On the other 
hand, as-extruded 1 mil films displayed (100) diffraction peak at 14.9 nm-1 (d-spacing = 
0.413 nm), with a minor (200/201) diffraction peak, characteristic of the γ-nylon 6 crystal 
structure. In these crystal structures, plasticity has been determined to be governed by 
the crystal slip parallel to the hydrogen bonded sheets, i.e. parallel to the (002) crystalline 
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plane in α-nylon 6 and to the (200) plane in γ-nylon 6.[36] α-Nylon 6 forms intra-sheet 
hydrogen bonds between fully extended chains in anti-parallel fashion, such that the 
amide and methylene units lie in the same plane.  γ-Nylon 6 forms inter-sheet hydrogen 
bonds between pleated chains in a parallel fashion, such that the linkages lie 60° out of 
plane,[36] leading to α-nylon 6 having better stability intra-sheet but a larger amount of 
inter-sheet breakdown, compared with γ-nylon 6.  The more stable α-nylon 6 therefore 
exhibits a relatively higher modulus and yield stress than γ-nylon 6.  
Biaxial orientation of the 12 and 8 mil films imposes even higher degrees of 
orientation and chain extension to the films than during extrusion, resulting in the 
development of a mesomorphic β-nylon 6 crystal structure.  The β-nylon 6 crystal form is 
described as a mesomorphic pseudo-hexagonal structure with a random distribution of 
hydrogen bonds about the chain axis, and is a phase intermediate between the α-nylon 6 
and γ-nylon 6 crystalline forms.[37] This evolution of the nylon 6 crystal structure from α 
to γ and finally β, has been previously shown to occur consistently with increasing strain 
on the system. While an increase of strain on the α-nylon 6 crystal structure is responsible 
for the α to γ transition, further strain above 150-180 % will cause the crystal structure to 
begin to revert back to its initial α structure.[38] As shown in Figure 14, the β-nylon 6 crystal 
structure is characterized by peaks representing both the α-nylon 6 and γ-nylon 6 crystal 
structures. The primary (200) diffraction peak, at 14.2 nm-1 represents the α-nylon 6 intra-
sheet spacing, while the smaller (002/202) α peak and (100) γ peak at 17.0 and 14.9 nm-
1, represent the α-nylon 6 inter-sheet spacing and the γ-nylon 6 intra-sheet spacing, 
respectively. 
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The degree of crystallinity in each of the film types, shown in Figure 2.15, was 
determined using the heat of enthalpy obtained from DSC melting peaks.  For both neat 
and APOSS containing as-extruded nylon 6 samples, the degree of crystallinity remains 
relatively constant, fluctuating around 20 %.  However, for biaxially oriented samples, an 
increase in the amount of crystallinity by around 5-10 % is shown, most likely the result 
of increased orientation in the amorphous nylon 6 chains contributing to the 
mesomorphic β-nylon 6 crystal structure. 
As described previously, this system contains a lack of covalent interactions 
between APOSS and nylon 6 molecules, although, as was the case with the structure-
property relationships of APOSS within melt spun nylon 6 fibers, it was assumed that 
there should be a significant amount of hydrogen bonding occurring.[39] Raman 
spectroscopy was used in order to probe and analyze the type of molecular interactions 
taking place between APOSS molecules and nylon 6. The results displayed in Figure 2.16 
indeed show that a significant shift in hydrogen bonding is taking place between the 
thicker 12 mil and thinner 1 mil APOSS containing films.  In comparing the Raman spectra 
of unprocessed neat nylon 6 (a) with 2.5 wt.% APOSS containing film of 12 mil thickness 
(b), only very slight changes in peak heights are observed.  Overall, these spectra 
represent that of standard α-nylon 6.  The 2.5 wt.% APOSS film of 1 mil thickness (c) 
however, shows peak shifts indicative of the crystalline transition from α-nylon 6 to γ-
nylon 6.  The primary characteristic of this transition is the rotation of the hydrogen 
bonded amide groups by 60°, shifting from intra-sheet dominated hydrogen bonding to 
inter-sheet hydrogen bonding. This rotation of the amide group relative to the incident 
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radiation is believed to be responsible for the peak disappearance at 3300 cm-1.  The 
appearance of the 3150 cm-1 peak has been previously reported as a combination of the 
amide I (CO stretching) and amide II (NH in-plane bending) vibrations, located at 1610 cm-
1 and 1460 cm-1, respectively,[40] although this peak has also been reported as an overtone 
of the amide II band.[41] Reduction of the 2900 cm-1 peak, representing CH2 stretching, 
and broadening of the amide II peaks around 1460 cm-1, has been demonstrated to be a 
result of the crystallographic change from α-nylon 6 to γ-nylon 6.[38,42] Finally, a shift of 
the amide I peak, from 1634 cm-1 to 1610 cm-1 is seen, which suggests a change from 
nylon 6 intra-sheet hydrogen bonding in α-nylon 6, to inter-sheet hydrogen bonding, 
between nylon 6 sheets in γ-nylon 6.[43]  It is also possible that this peak represents 
primary amide NH2 bending, which would indicate that POSS does in fact interact with 
the γ-nylon 6 crystal form.[41] However, as explained previously, the influence that POSS 
has on the blend is negligible. Additionally, the shifting of this peak to lower frequencies 
is indicative of increasing stress within the composite. 
2.5 Conclusions 
From the results presented on the characterization and structure-property 
relationships of both the iPP/DBS/TPOSS and nylon 6/APOSS blends, it is evident that 
POSS is a poor filler, lacking solubility and favorable interaction with the polymer 
matrices.  It was initially hypothesized that under extreme confinement and orientation, 
such as in melt-spun fibers, or confined within 2D nanoscale layers, that POSS would 
undergo forced-assembly into elongated, rebar-like reinforcement structures, or even act 
as crosslinking molecules for the polymer chains.  The current results, however, show 
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POSS existing as large, phase separated aggregates, in order to minimize interactions with 
the polymer matrix. Additionally, the aggregates behave as debonded hard particles upon 
tensile deformation.  POSS has been previously shown to enhance the properties of 
polymer matrices in which the POSS molecules have been grafted to, or copolymerized 
within the chain, but this is not the case for POSS blends.  In comparison to results from 
the iPP/DBS/TPOSS system, in which POSS is unable to directly interact with the polymer 
matrix, and the nylon 6/APOSS system, in which POSS can potentially form hydrogen 
bonds with the polymer matrix, the results are similar and reveal that POSS blends are 
largely incompatible with the polymer matrix. Small improvements can be made via 
functionalization of the POSS cage, in order to enhance interactions, but these 
improvements are relatively negligible. 
Looking into the structure-property relationships of these systems, mechanical 
properties exhibit increasing values with respect to decreasing film and layer thickness. 
However, WAXD and POM revealed that these enhancements can be attributed to 
changes in the crystal size and structure, via confinement of the individual layers, rather 
than interactions between POSS and polymer; reduction of spherulite size in 
iPP/DBS/TPOSS systems, and strain induced change in the crystal structure of nylon 6 with 
increasing chain orientation in nylon 6/APOSS systems. Additional influences on the 
mechanical properties can arise as a result of contributions from POSS aggregates upon 
sample deformation, responsible for voiding, shear banding and crazing, depending on 
the sample thickness and degree of orientation. Further confirmation of non-interaction 
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between POSS and polymer is seen via a lack of change in thermal DSC data, however this 
simply rules out any unexpected covalent interactions.  
Rheological investigations on the POSS-polymer systems revealed that under 
elevated temperatures, POSS solubility and dispersion is slightly enhanced.  This 
enhancement is a result of breakup of larger POSS aggregates, allowing for better 
diffusion through the matrix; improvements are seen only for lower (2.5 wt.%) POSS 
loadings.  In agreement with work by Jana,[26] POSS aggregates are shown to act as a 
processing aid, reducing the viscosity of the blends via decreasing chain entanglement 
and increasing free volume, allowing greater orientation of the polymer.  
Raman spectroscopy was used to investigate any contributions to the structure-
property relationships as a result of hydrogen bonding between nylon 6 and APOSS; the 
resultant spectra, while showing significant shifts in nylon 6 hydrogen bonding peaks, 
indicated a lack of POSS-polymer hydrogen bonding interactions.  Instead, the results 
correlate with WAXD results, showing that under increased confinement and orientation, 
nylon 6 undergoes changes in the crystallographic structure, evolving from the α- to γ- 
and finally β-nylon 6 forms.  From these results, it can be concluded that improved 
mechanical properties are due to changes in the nylon 6 crystal structure with respect to 
increasing strain and orientation, and not the result of interactions between POSS and 
polymer. 
Overall, POSS has been shown to be a poor choice of filler in improving the 
properties of POSS-polymer blends. Without direct chemical linkage to the polymer 
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matrix, the low solubility of POSS results in the formation of large, phase separated 
aggregates.  The presence of interacting groups on POSS molecules, such as amine groups 
on APOSS and nylon 6, have not led to demonstrated improvement over the non-
interacting iPP/DBS/TPOSS system. Even under extreme confinement conditions, where 
significant deviations from bulk behavior occurs, such as within melt-spun fibers or 
nanoscale layers, POSS was unable to be forcibly-assemble into reinforcing structures 
with the polymer matrix.  
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Table 2.1: iPP/DBS/TPOSS tensile data, where B.O. indicates biaxially oriented film 
samples. *DBS 12 and 8 mil films contained significant processing defects preventing 
tensile analysis. **DBS and TPOSS control films were unable to be biaxial stretched to 
4x4 draw ratios. 
 
Modulus (MPa) vs. Film Thickness (µm) 
  305 µm 203 µm 102 µm 51 µm 25 µm 
B.O. (3x3) 
from 305 µm  
to 34 µm 
B.O. (4x4) 
from 305 µm 
 to 20 µm 
iPP Control 
(1024 layers) 
310 270 790 310 680 450  610  
(± 30)  (± 140) (± 140) (± 110) (± 370)  (± 140) (± 80)  
256 layers 
(3.0 wt.% POSS, 
0.3 wt.% DBS) 
790 600 660 940 1950 2240 2150 
(± 220) (± 260) (± 360) (± 500) (± 610) (± 660) (± 990) 
1024 layers 
(3.0 wt.% POSS, 
0.3 wt.% DBS) 
760 1410 580 710 1030 1050 1560 
(± 120) (± 570) (± 290) (± 140) (± 470) (± 440) (± 600) 
POSS Control 
(3.0 wt.%) 
800 730 850 1370 1060 1590  
**  
(± 50) (± 80) (± 180) (± 320) (± 170)  (± 330) 
DBS Control 
(0.3 wt.%) 
 *  * 
1030 1600 1360 860  
**  
(± 260) (± 460) (± 430)  (± 200) 
 
Yield Stress (MPa) vs. Film Thickness (µm) 
  305 µm 203 µm 102 µm 51 µm 25 µm 
B.O. (3x3) 
from 305 µm 
to 34 µm 
B.O. (4x4) 
from 305 µm  
to 20 µm 
iPP Control 
(1024 layers) 
36.9 36.1 43.2 25.0 50.5 22.6  16.2  
(± 2.4)  (± 0.9) (± 2.4) (± 5.7) (± 6.0) (± 12.1)  (± 3.4)  
256 layers 
(3.0 wt.% POSS, 
0.3 wt.% DBS) 
36.5 44.0 44.0 53.5 81.5 121.1 126.4 
(± 2.4) (± 5.1) (± 3.5) (± 18.2) (± 10.9) (± 32.2) (± 32.4) 
1024 layers 
(3.0 wt.% POSS, 
0.3 wt.% DBS) 
34.7 70.2 40.8 51.6 86.1 68.0 120.4 
(± 3.2) (± 8.2) (± 3.2) (± 7.6) (± 5.2) (± 15.5) (± 12.1) 
POSS Control 
(2.5 wt.%) 
36.4 38.0 39.1 66 91.0 45.4  
 ** 
(± 1.2) (± 0.8) (± 2.2) (± 3.8) (± 5.3) (± 10.7)  
DBS Control 
(0.3 wt.%) 
 * *  
46.6 84.6 90.9 57.0 
 ** 
(± 2.3) (± 2.6) (± 2.8)  (± 20.6) 
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Table 2.2: Nylon 6/APOSS tensile data, where B.O. indicates biaxially oriented film 
samples.  
 
Modulus (MPa) vs. Film Thickness (µm) and number of layers 
 
 
 
 
 
 
 
  305 µm 203 µm 102 µm 50 µm 25 µm B.O. (3x3) 
from 305 µm 
to 34 µm 
B.O. (3x3) 
from 203 µm 
to 23 µm 
1024 layers 
Nylon 6 Control 
372 
(± 30) 
380 
(± 60) 
362 
(± 115) 
721 
(± 97) 
774 
(± 142) 
1890 
(± 220) 
2760 
(± 300) 
256 layers 
2.5 wt.% APOSS 
782 
(± 66) 
673 
(± 49) 
702 
(±74) 
697 
(± 86) 
1455 
(± 117) 
969 
(± 182) 
2161 
(119) 
256 layers 
5 wt.% APOSS 
556 
(± 79) 
668 
(± 61) 
843 
(± 127) 
1189 
(±138) 
1464 
(± 232) 
939 
(± 100) 
1877 
(± 265) 
1024 layers 
2.5 wt.%  APOSS 
467 
(±84) 
640 
(± 83) 
774 
(86) 
975 
(± 200) 
819 
(± 171) 
1701 
(± 205) 
2273 
(± 187) 
1024 layers 
5 wt.% APOSS 
562 
(± 38) 
621 
(± 120) 
572 
(± 72) 
706 
(± 119) 
889 
(± 243) 
1700 
(± 141) 
2124 
(±239) 
 
Yield Stress (MPa) vs. Film Thickness (µm) 
  305 µm 203 µm 102 µm 50 µm 25 µm 
B.O. (3x3) 
from 305 µm 
to 34 µm 
B.O. (3x3) 
from 203 µm 
to 23 µm 
1024 layers 
Nylon 6 Control 
40.9 
(± 1.4) 
42.0 
(± 2.2) 
31.3 
(± 2.3) 
48.2 
(± 9.2) 
47.1 
(± 8.4) 
59.3 
(± 8.7) 
71.4 
(± 4.5) 
256 layers 
2.5 wt.% APOSS 
45.6 
(± 1.1) 
40.7 
(± 1.7) 
41.2 
(± 3.4) 
40 
(± 5.1) 
76.7 
(± 8.2) 
28.5 
(± 4.4) 
52.2 
(± 4.3) 
256 layers 
5 wt.% APOSS 
43.3 
(± 1.1) 
36.1 
(± 1.9) 
45.9 
(± 4.0) 
55.8 
(± 7.8) 
68.3 
(± 12.9) 
29.1 
(± 3.5) 
47.7 
(± 8.1) 
1024 layers 
2.5 wt.%  APOSS 
41.5 
(± 4.4) 
41.4 
(± 2.0) 
42.6 
(± 2.0) 
50 
(± 3.3) 
37.8 
(± 5.0) 
48.7 
(± 3.8) 
59.3 
(± 8.5) 
1024 layers 
5 wt.% APOSS 
36.8 
(± 3.3) 
41.7 
(± 2.3) 
34.8 
(± 2.2) 
40.8 
(± 6.0) 
50.8 
(± 11.6) 
51.0 
(± 3.5) 
55.1 
(± 9.8) 
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Figure 2.1: Variety of POSS geometries including: A) Random; B) Ladder; C) Partial Cage; 
D) T8; E) T10; F) T12.[1]   
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Figure 2.2: Layer multiplying coextrusion technology.[23] 
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                A)      
  B)      
C)    
 
Figure 2.3:  Molecular structures of A) TPOSS; B) APOSS; C) DBS. 
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Figure 2.4: SEM image of debonded and voiding POSS aggregates. 
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Figure 2.5: DSC melting peaks for TPOSS film series; A) 12 mil and B) 1 mil thicknesses. 
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Figure 2.6:  Plot of decreasing spherulite (grain) size (µm) with respect to film thickness 
(µm). 
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Figure 2.7:  Plot of increasing yield stress (MPa) with respect to decreasing spherulite 
(grain) size (µm) illustrating a similar trend to the Hall-Petch relationship. 
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Figure 2.8: POM images demonstrating the size decrease and elongation of spherulites 
with respect to decreasing layer thickness. A) 200 µm thick as-extruded film; B) 50 µm 
thick as-extruded film; C) 20 µm thick biaxially oriented film. 
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Figure 2.9: WAXD plots showing the α-PP crystal structure spectrum with respect to; A) 
decreasing film thickness in as-extruded samples, and B) decreasing film thickness in 
biaxially oriented samples. 
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Figure 2.10:  DSC determination of crystallinity for 256 layered film samples with respect 
to decreasing layer thickness (nm). Crystallinity was calculated from first heating curves 
using the inset equation. 
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Figure 2.11: SEM image of nylon 6/APOSS multilayered film displaying the formation of 
large POSS aggregates. 
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Figure 2.12: DSC curves showing minimal changes in the melting peak of nylon 6/APOSS 
films for 300 (A) and 25 µm (B) thick films. 
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Figure 2.13:  Rheological data for nylon 6 and nylon 6/APOSS blends at 240 and 245 ºC. 
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Figure 2.14:  WAXD spectra which correlates to changes in the crystallographic structure 
from α-nylon 6 (A), to γ-nylon 6 (B) and finally β-nylon 6 (C). Specific peaks 
corresponding to α and γ crystal structures are labeled. 
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Figure 2.15:  DSC determination of crystallinity for 256 layered film samples containing 
2.5 wt.% APOSS, with respect to decreasing layer thickness (nm). Crystallinity was 
calculated from first heating curves using the inset equation shown in Figure 2.10. 
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Figure 2.16:  Raman spectroscopy of 256 layered films illustrating the differences in 
hydrogen bonding with respect to film thickness, relative to neat nylon 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In
te
n
si
ty
 
Neat Nylon 6 
2.5% APOSS 
304 µm thick 
2.5% APOSS 
25 µm thick 
Neat Nylon 6 
2.5% APOSS 
304 µm thick 
2.5% APOSS 
25 µm thick 
In
te
n
si
ty
 
131 
 
CHAPTER 3 
Multilayered Phosphate Glass / PPgMA Blends for High Gas Barrier Applications 
3.1 Abstract 
This project investigates the improvement in gas barrier properties of 
multilayered polymer thin films containing Pglass platelets concentrated within 
alternating layers of polypropylene-graft-maleic anhydride (PPgMA). These layers of 
overlapping platelets create highly tortuous pathways for diffusing molecules, greatly 
reducing permeability. Previous work has shown significant improvements in the barrier 
properties of PPgMA films containing these low Tg (~120 °C) Pglass platelets, by as much 
as 500x over neat PPgMA films. The current work investigates a new ultra-low Tg Pglass 
(~60 °C) incorporated into PPgMA multilayered films and oriented in a similar manner, 
with the goal of further increasing the resulting aspect ratio of the Pglass platelets. 
Scanning electron microscopy has revealed a lack of interaction between Pglass and 
PPgMA, and thus a failure to draw into high aspect ratio platelets upon biaxial orientation. 
Pglass particles fail to elongate, resulting in the formation of voids around phase 
separated particles, greatly reducing the barrier properties of the film. From the results 
presented herein, this specific Pglass is shown to be unsuitable for the desired 
applications. Future work will look into the incorporation of the higher Tg Pglass (120 °C) 
into various polymers with the goal of reducing the permeability of diffusing gasses 
further past the 500x improvement benchmark. 
3.2 Introduction 
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Development and fabrication of composite materials for improving the barrier 
properties of polymers used in the packaging industry have received a great deal of 
attention. Materials that can provide high gas barrier to gasses such as oxygen, carbon 
dioxide, water vapor, and organic vapors, but maintain a high degree of transparency and 
flexibility are highly sought after. One such method of achieving sufficient gas barrier 
properties in polymer films is through the incorporation of impermeable, high aspect ratio 
nano-fillers. Alignment and overlapping of such fillers parallel to the film surface creates 
a highly tortuous path for diffusing gas species, significantly decreasing gaseous flux.[1,2] 
Fabrication of bulk polymer films containing high aspect ratio nano-fillers has been carried 
out with materials such as graphene, clay and silica.[3-6] These films, however, require 
large quantities of fillers in order to achieve sufficient barrier properties, which in turn 
results in a loss of optical properties and increased melt viscosity, complicating the 
fabrication process.[1,2,7,8]  
Tin fluorophosphates glasses (Pglass) are inorganic materials which possess low 
glass transition temperatures in the range of 115-130 °C, and display both water 
resistance and chemical durability.[9,10] The relatively low glass transition temperature 
allows Pglass to be melt processed with organic polymer materials using conventional 
processing methodologies. Because Pglass is fluid in this temperature range, loadings as 
high as 60 wt.% can be achieved without significantly sacrificing the integrity of the 
fabricated films. Spherical Pglass particles within extruded polymer films can be 
subsequently elongated and plastically deformed into high aspect ratio platelets via 
biaxial orientation of the films at temperatures above the Pglass Tg. The resultant 
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overlapping platelet morphology, oriented parallel to the film’s surface, has been shown 
to increase the barrier properties of polymer films by up to 500x.[11] 
In this study, a new Pglass formulation was synthesized, based on a recipe 
developed by Corning, which possesses a glass transition temperature as low as 60 °C.[12] 
Poly(propylene-graft-maleic anhydride) (PPgMA) was melt blended with this reduced 
glass transition temperature Pglass, and extruded via a layer multiplying coextrusion 
technique to produce films with tens to hundreds of alternating Pglass-filled and neat 
layers, with individual layer thicknesses in the 10 nm to 100 μm range. The layers were 
extruded in a (ABA)n arrangement, with outer layers A of PPgMA, and B layers of 20 vol.% 
Pglass melt blended into PPgMA. The use of Pglass with reduced Tg, from ~120 °C to 60 
°C, was hypothesized to further reduce Pglass melt viscosity in the processing range of 
common organic polymer materials. Biaxial orientation of films containing this Pglass was 
expected to yield increased aspect ratio platelets, via increased flow and distortion, and 
overlapping of the Pglass filler.  
3.3 Experimental 
3.3.1 Materials 
Polypropylene-graft-Maleic Anhydride (PPgMA, Polybond 3002) was obtained in 
the form of pellets from Chemtura Corp. with a density and melt flow index (MFI) of 0.91 
g cm-3 and 7 g (10 min)-1 (ASTM D 1238), respectively. Tin fluorophosphate glasses were 
prepared from reagent grade tin fluoride (SnF2), tin oxide (SnO), ammonium dihydrogen 
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phosphate (NH4H2PO4) and tungstic acid (H2WO4), all purchased from Sigma-Aldrich and 
used as received. 
3.3.2 Glass Preparation 
The ingredients were carefully weighed and added into a closed jar where they 
were tumble mixed for 10-15 minutes to produce a uniform mixture, and then transferred 
to a vitreous carbon crucible. The crucible was placed, uncovered, into a Thermolyne FA 
1635 muffle furnace at 450 °C for 15 or 70 minutes, depending on a batch size of 30 or 
300 g, respectively. The basic Pglass product is formed following the chemical reaction 
shown in Figure 3.1.  Fluid melts obtained using this procedure were then quenched onto 
a stainless steel plate and annealed by placing in an oven at approximately 20 °C above 
the Tg for approximately 90 minutes. The annealed glass was first measured for density, 
and subsequently ground into a fine powder using an IKA Werke M20 universal mill, 
before processing with the desired polymer. 
Using this method for Pglass synthesis, a wide variety of Pglass types have been 
developed according to recipes by Corning, with glass transitions ranging from 50 to 150 
°C.[12] Of the 40 compositions reported, the Pglass types used in this study, and resultant 
glass transition temperatures, are listed in Table 3.1. The original composition for the 
chosen Pglass (Pglass B) was based on a tungsten-doped Pglass recipe for low 
temperature sealing of electronics. It was determined that tungsten was not a necessary 
ingredient to achieve the listed glass transition temperatures, and thus the most 
promising samples for inclusion into our barrier films were synthesized without tungsten, 
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as listed (Pglass C). Pglass synthesized by M. Gupta, et al. (Pglass A), was originally based 
off of a Pglass developed by Tick.[13-17] 
3.3.3 Composite Preparation 
The composites containing 20 volume % Pglass were prepared using a Thermo 
Scientific Haake Polylab OS Rheodrive 7 batch mixer equipped with roller rotors. The 
polymer and Pglass were batch mixed at 210 °C at a rotor speed of 60 RPM for 8 minute 
resident times, and then collected as pieces about 2 mm thick and 100 mm x 100 mm 
across. Blending was carried out in batches of 60-70 g. The polymer was dried in a vacuum 
oven at 100 °C for at least 24 hours prior to melt blending. The collected composite pieces 
were subsequently pelletized using Ball and Jewell Granulator. 
3.3.4 Film Preparation 
Prepared blends were fed through a multilayered extrusion process, which utilizes 
a process of forced assembly through sequential layer multiplication to fabricate thin 
alternating layers of two or three separate polymers.[18] Multilayered films were extruded 
in an (AB)n layered structure, containing alternating layers of Pglass filled PPgMA with 
neat PPgMA, to form films containing 17, 33 and 129 total individual layers. Multilayered 
control films were also prepared consisting of neat PPgMA. The number of layers (n) was 
determined by the number of multiplier elements (m) as n = 2m+1. The extruder, multiplier 
elements and die temperatures were set to 200 °C. The melt from the final multiplier was 
spread through a 14-inch film die and cold drawn on a laboratory-scale chill roll 
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(Randcastle Extrusion Systems) to thicknesses ranging from 12 mil (305 µm) to 8 mil (203 
µm), producing individual layer thicknesses ranging from 18 µm to 1.6 µm.  
3.3.5 Biaxial Orientation 
Square specimens 85 mm x 85 mm were cut from the extruded films, marked with 
grid patterns, and biaxially stretched in a Bruckner Karo IV biaxial stretcher at 155 °C, with 
a preheat time fixed at 1 min. Engineering strain rates of 5 % s-1 were used to 
simultaneously and equi-biaxially draw the square specimens to draw rations of 3 x 3 and 
4 x 4. The uniformity of the drawn specimens was determined from the even deformation 
of the grid patterns. Uniformity was slightly affected by uneven heating most likely due 
to a slightly higher temperature in the center of the stretching chamber. 
3.3.6 Image Analysis 
The morphology of the Pglass-PPgMA multilayered films were observed edge-on 
by scanning electron microscopy (SEM) using a JEOL JSM-6510 scanning electron 
microscope. To acquire edge on images, films were embedded between two thin layers 
of epoxy, to provide structural stability, and microtomed at -100 °C using a Leica EM FC6 
microtome to provide a smooth homogeneous surface. Films were sputter coated with a 
thin layer of gold prior to imaging. 
3.3.7 WAXD Analysis 
Wide angle X-ray diffraction (WAXD) of the Pglass-PPgMA blends were 
investigated using a Bruckner wide angle X-ray instrument with sealed tube-ray generator 
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and Cu-Kα radiation producing an incident wavelength of 1.54 Angstroms. The WAXD 
patterns were examined with respect to Tg for glass powders and layer thickness for films, 
in order to observe and changes in the glass structure and structure-property behaviors 
with increased confinement of layers, respectively. Glass powders were also analyzed 
before and after annealing at various temperatures, to observe any changes in the glass 
that may result due to the processing of blends. 
3.3.8 Thermal Analysis 
The thermal behavior of the neat Pglass, and Pglass-PPgMA blends, was 
investigated using a DSC200 (Mettler Toledo) differential scanning calorimeter (DSC) 
under continuous nitrogen purge, at a flow rate of 60 ml/min. The thermal properties 
such as melting temperature (Tm), glass transition temperature (Tg), and enthalpy change 
(ΔHm) in melting were determined at a heating rate of 10 °C/min from 25 – 200 °C. 
3.3.9 Rheological Analysis 
Dynamic rheological measurements were conducted using a rotational 
rheometer (Paar Physica501, Anton Paar) with a plate-plate geometry of 25mm in 
diameter and a gap of 1mm under nitrogen from 170 to 250 oC. The samples were 
molded by hot pressing at 200 oC. Dynamic stress sweep tests were conducted to 
determine the linear viscoelastic behavior. All subsequent tests were performed at 
stresses within the linear viscoelastic region of the materials. Small-amplitude oscillatory 
shear tests were carried out over a frequency range of 100−0.1 rad/s. 
3.3.10 Oxygen Permeability 
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Oxygen permeability of both the extruded and biaxially oriented films were 
investigated using a MOCON OX-TRAN 2/21 at 23 °C. Sample sizes of 50 cm2 were 
prepared, and a baseline measurement was determined using 98 % N2 / 2 % O2 to avoid 
exceeding the detector capability of the instrument, before applying 100% O2 to obtain 
the film’s oxygen barrier properties. The measurements were carried out at 1 atm 
pressure at 23 °C with 0 % relative humidity. The instrument was calibrated at 23 °C with 
a NIST-certified Mylar film with known oxygen transport characteristics. Oxygen 
permeability P(O2) was obtained from the steady oxygen flux (OTR) according to  
𝑃(𝑂2) = 𝑂𝑇𝑅 ∗ (
𝑙
∆𝑝
)      (1) 
where Δp is the oxygen’s partial pressure drop and l is the film thickness.  
3.4 Results and Discussion 
From the compositions of low Tg tin fluorophosphates glasses (Pglass) listed in 
Table 3.1, we selected Pglasses B and C, both with reported glass transitions of 58 °C, and 
measured at 59 and 62 °C, respectively, to fabricate multilayered Pglass films. Of the three 
listed compositions in Table 3.1, Pglass C provided the most consistent formation of 
transparent glass, aside from the original Pglass A. Films fabricated and oriented by M. 
Gupta used Pglass with a Tg of ~120 °C, which was shown to reduce the permeability of 
oxygen through the film by up to 500 times over the control film. The large reduction in 
permeability was due to the overlapping of elongated Pglass platelets, formed via biaxial 
orientation of similar extruded multilayered films. This orientation process enabled the 
formation of multiple semi-continuous, thin glass barriers throughout the cross-section 
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of the films. In comparison to films previously characterized by M. Gupta et al., it was 
hypothesized that use of a Pglass with a lower glass transition temperature would enable 
fabrication of multilayered films with improved barrier properties. In this project, by 
incorporating lower Tg Pglass particles, and orienting at temperatures similar to those 
previously used, it was believed that a lower viscosity Pglass would be able to be drawn 
into higher aspect ratio platelets, and form larger networks of joined Pglass platelets, as 
illustrated in Figure 3.2 (the ideal result being the formation of continuous thin glass 
sheets within the filled layers).  
By modelling the diffusion behavior of gaseous species through a highly tortuous 
pathway using the Cussler equation, it is predicted that by increasing the aspect ratio of 
Pglass platelets, much higher barrier levels should be reached. The Cussler equation, 
below, models the gas  
𝑃
𝑃𝑚
=
1−𝜙𝑃𝑔𝑙𝑎𝑠𝑠
1+(𝛼(
𝜙𝑃𝑔𝑙𝑎𝑠𝑠
2
))
2     (1) 
permeability of a composite film (P), given the permeability of the matrix (Pm), where the 
dispersed phase is made up of impermeable platelet-shaped fillers at a given volume 
fraction (φPglass) with an aspect ratio α, and oriented parallel to the polymer film 
surface.[19] This equation is illustrated in Figure 3.3.  As the Pglass platelet aspect ratio 
becomes larger, diffusing oxygen has to travel a more tortuous path in order to pass 
through the film, resulting in lower permeability values. These films are originally 
intended for food packaging applications, which fall within a wide range of acceptable 
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permeation levels, but will be compared against an ultimate goal of electronics packaging, 
which requires gaseous transport rates below 1 x 10-3 cm3/m2day. The dashed lines in 
Figure 3.3 represents the amount of Pglass that has been successfully incorporated into 
the multilayered films without sacrificing film properties, on the X-axis, and the high 
barrier requirements organic electronics applications on the Y-axis. Within the outlined 
area, it can be seen that an aspect ratio of > 1000 for the Pglass platelets is required for 
the encapsulation of organic electronics, while remaining below 60 vol.% of Pglass fillers. 
As previously mentioned, these aspect ratios are not achievable by simply elongating 
single Pglass particles, but by the combination of multiple particles overlapping during the 
orientation step. 
Synthesis of the reduced Tg Pglass recipe (Pglass B), as reported by Corning and 
shown in Table 3.1, includes Tungstic Acid as a starting chemical component.[12] The 
addition of Tungstic Acid differed from Tick’s original Pglass (Pglass A), and was 
incorporated for improved moisture and thermal resistance. Along with its low glass 
transition temperature, this allowed it to be used in low temperature sealing applications 
for the encapsulation of electronic components to protect from degradation. These 
properties were similarly desired in the fabrication of the multilayered Pglass filled films, 
which were intended for multiple applications, including food packaging and the 
encapsulation of electronic components, to protect from degradation due to oxygen and 
water vapor.  However, the presence of Tungsten in the synthesized Pglass produces a 
deep blue/purple color in the glass. As these films were intended for packaging, this posed 
a problem with the transparency and color of the resulting films. Removal of the tungstic 
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acid reactant from the starting chemical ingredients had little effect on the glass transition 
temperature, as seen in the DSC thermograms in Figure 3.4.  Thus by removing Tungstic 
Acid from the original composition, some thermal and moisture resistance was potentially 
lost, but we were still able to achieve similar glass transition temperatures of 
approximately 60 °C, while altering the color from a deep blue/purple, to a clear glass. 
This effect is shown in Figure 3.5A, displaying the resulting glass colors, with and without 
the tungstic acid reactant, including a multilayered film sample. Preliminary film samples 
were produced using Pglass containing tungsten, an example of which is shown in Figure 
3.5B, but results reported here are derived primarily from the Pglass C recipe listed in 
Table 3.1, in which tungstic acid has been removed as a reactant. 
Following both the extrusion and biaxial orientation of the multilayered films, SEM 
was used to investigate Pglass particle morphology and layer uniformity in the film’s 
cross-sections. Figures 3.6 and 3.7 show the typical resulting morphologies of the low Tg 
Pglass filled, multilayered PPgMA films. From the images in Figure 3.6A, it can be seen 
based on particle orientation and distribution that a decent layered morphology is 
achieved, attaining a neat PPgMA separating layer between layers containing Pglass. The 
majority of the Pglass particles have a diameter of less than 10 µm, but larger particles 
can also be seen, ranging between 10-30 µm. These larger particles can potentially disrupt 
the layered structure, and contribute to layer delamination and void formation during the 
orientation process. A larger number of smaller particles is highly desirable, but the 
presence of a few larger particles does not always negatively impact the barrier 
properties, as long as the particles are able to elongate and remain adhered to the matrix 
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during biaxial orientation. Upon magnification, however, it can be seen in Figure 3.6B that 
adhesion between Pglass particles and the surrounding PPgMA matrix is poor. Many 
Pglass particles appear separated from the PPgMA matrix with large interfacial gaps, and 
many pockets can be seen which previously held particles. Biaxial orientation of these 
films, shown in Figure 3.7, produces a large degree of void formation around Pglass 
particles, and increases in size with increasing draw ratios. In Figure 3.7B, Pglass particles 
can be seen undeformed, with large void formation propagating in the draw direction. 
Some smaller particles remain adhered to the PPgMA matrix, but have failed to elongate 
into platelets. Contrary to the initial hypothesis of improved drawing properties upon 
elongation for lower Tg pglass, this effect is seen in all films containing the modified low 
Tg Pglass.   
The oxygen barrier properties of both the as-extruded and biaxially oriented 
samples were measured and compared to neat PPgMA films. In neat PPgMA films, the 
number of layers had little effect on the barrier properties, and barrier measurements 
consistently reported between 0.8 and 0.9 Barrer. Biaxial orientation of control films to 
3x3 draw ratios reduced the films permeability to 0.65 Barrer, due to alignment of chains 
and an increase in molecular orientation. The gas permeability of an ABn multilayered 
system can be calculated via the following equation 
  𝑃𝐴𝐵 = ((
𝜙𝐴
𝑃𝐴
) + (
1−𝜙𝐴
𝑃𝐵
))
−1
     (3) 
where φA is the volume fraction of the unfilled PPgMA layer, PA is the oxygen permeability 
of the unfilled PPgMA layer and PB is the oxygen permeability of the PPgMA/Pglass 
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layer.[20] For films containing a random distribution of spherical particles, where the 
particles exhibit lower permeability than the surrounding polymer matrix, the 
permeability of the Pglass filled layer can be calculated based on the associated Maxwell 
model  
(
𝑃
𝑃𝑚
) = 1 +
3𝜙𝑃𝑔𝑙𝑎𝑠𝑠
[
(
𝑃𝑝𝑔𝑙𝑎𝑠𝑠
𝑃𝑚
)+2
(
𝑃𝑝𝑔𝑙𝑎𝑠𝑠
𝑃𝑚
)−1
]−𝜙𝑃𝑔𝑙𝑎𝑠𝑠
    (4) 
where Ppglass and Pm are the permeabilities of the dispersed Pglass particles, which are 
assumed to be impermeable (Ppglass = 0), and the PPgMA matrix, which has a measured 
value of 0.9 Barrer.[21] Fabrication of as-extruded multilayered films containing spherical 
Pglass particles, before orientation, provided mixed results. Some of the multilayered 
Pglass film’s permeability results did agree with the values calculated using the Maxwell 
equation above, but many films also reported increased oxygen permeability. This is 
believed to be due to phase separation of the Pglass particles from the polymer matrix, 
as seen in Figure 3.6B. This debonding between phases produces large separating gaps 
around the particle/polymer interface through which diffusing gasses can easily pass.  As 
can be expected, based on the images in Figure 3.7, the oxygen barrier properties of the 
biaxially oriented films were very poor.  Debonding of Pglass from the polymer matrix 
contributed to the lack of particle elongation, instead causing the polymer to pull around 
the particles in the orientation direction, producing the large voids seen, allowing for 
significant gaseous diffusion through the film. While all oriented films measured had 
higher permeability values than the neat control films, the oxygen barrier measurements 
produced varied results. Some films exhibited only slightly higher permeabilities of 
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around 1-1.3 Barrer, but most films had a large degree of void formation causing high 
oxygen flux through the films, resulting in exceeding the oxygen detection limit in the 
MOCON sensors, resulting in a failed test. 
The current hypothesis for the lack of drawing properties in Pglass is that the 
abundance of oxygen atoms present in the higher Tg Pglass samples aided in creating 
bonding sites via carbonyl groups, and thus good interfacial adhesion between the Pglass 
particles and polymer matrix. Drawing of these films at Tdraw > Tg(Pglass), and elongation of 
the Pglass particles into platelets, was aided by this high interfacial adhesion.  In a study 
by York-Winegar et al., XPS and Raman spectroscopy were used to determine the 
optimized structures and geometries of the 130 °C Tg Pglass (Pglass A).[22] From these 
results, it was shown that the bulk of the Pglass contained a high ratio of non-bridging to 
bridging oxygen groups, with possible molecular structures presented in Figures 3.8A, B 
and C.  Bridging oxygens are present within the backbone of the inorganic Pglass chain, 
linking tin and phosphorus groups, while non-bridging oxygens can be seen as part of 
phosphine oxide or tin hydroxide groups. The high ratio of non-bridging to bridging 
oxygen groups provides plenty of sites for ionic bonding between Pglass and maleic 
anhydride carbonyl groups in PPgMA.  In Pglasses B and C, a significant amount of the 
oxygen sites are replaced with fluorines, which may act to hinder Pglass-polymer 
adhesion, leading to a significant reduction in interfacial adhesion, and contribute to the 
non-drawing behavior we see in the phase separated Pglass particles.  
In an alternate study by Ellison et al., the behavior of a selection of lower Tg 
Pglasses with and without tungsten was investigated in direct melt processing via 
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centrifugal force spinning to produce glass fibers.[23] In this study, it was revealed that the 
Pglass glass transition temperature and drawing properties are highly dependent on the 
molecular O/F ratio and heating rate during the re-melting process, respectively. At higher 
O/F ratios, as in Pglass A, oxygen atoms are present in high quantities as both non-bridging 
and bridging bonds. The high concentration of non-bridging oxygens allows for ionic 
bonding between Pglass chains and maleic anhydride groups in PPgMA, and the formation 
of an ionic crosslinking network between tin and phosphorus sites in neighboring chains, 
increasing Pglass stability. As the ratio of O/F is decreased, stronger oxygen bonds are 
replaced with non-bridging fluorine bonds, leading to shortened chains and a reduction 
in Pglass stability, and thus a reduction in the glass transition temperature. This trend can 
be seen in Table 3.1, where a decrease in Tg follows with the reduction of oxygen 
containing reactants.  
With respect to the heating rate during the re-melting process, Ellison et al., 
determined that Pglass can undergo chemical transformations upon slow heating, leading 
to additional crosslinking of the structure.[23] “Crosslinking to a solid, non-viscous state 
prevents the Pglass from experiencing flow and distortion.” This effect is also sped up by 
dehydration of the glasses. Water molecules absorbed into the Pglass network can act as 
plasticizers, increasing mobility of the phosphate backbone, as well as resulting in some 
hydrolysis of the P-O-P linkages, forming two chain ends terminated by hydroxyl groups 
(P-OH), reducing the chain length. Upon slow heating, dehydration and crosslinking of the 
Pglass can result in the formation of a more rigid glass network, reducing its ability to 
elongate into platelets. It is believed that at faster temperature ramps, the chemical 
146 
 
transformation does not crosslink the molecular chains, allowing them to liquefy enough 
to give rise to distortion.  
This effect of heating Pglass can be seen in Figure 3.9, which displays WAXD 
spectra of the neat glass powder before and after heating at 350 °C for 3-5 minutes. The 
curves in Figure 3.9 represents the Pglass A and Pglass B samples, before and after 
heating. Before heating, Pglass A displays a broad amorphous peak at d=3.33 nm-1, and 
Pglass B shows two sharper crystalline peaks at d=2.96 and 3.44 nm-1 with an underlying 
broad amorphous pattern. After heating both Pglasses, a complete change in the 
crystalline morphology is seen, where the broad amorphous patterns are replaced with 
three sharp crystalline peaks at d=2.98, 3.44 and 4.92 nm-1, with two smaller peaks at 
d=2.26 and 5.9 nm-1. These results correlate well with the behavior of Pglass as described 
by Ellison, in which high temperatures or long heating times can cause crosslinking within 
the Pglass structure.[23] The existence of these peaks in the Pglass B sample before heating 
most likely indicates that some crosslinking has already occurred. Along with the changes 
in the molecular structure as a result of the decreasing O/F ratio, in comparing Pglass A 
and B samples, the increased crystallinity, and thus rigidity, in Pglass B, may be a factor in 
the failure of Pglass to elongate during the biaxial orientation processing steps. 
The change in Pglass crystalline morphology is not observed in the WAXD analysis 
of multilayered films, as shown in Figure 3.10, indicating that the processing conditions 
used in fabricating and orienting the films did not initiate crosslinking within the Pglass. 
The spectra in Figure 3.10 represent the α-polypropylene crystal structure, which is the 
most common PP crystal form and is characterized by a monoclinic unit-cell crystal 
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structure (a = 6.66, b = 12.78, c = 6.495 Å and β = 99.6°).[24] It had previously been reported 
that Pglass can act as a nucleation agent for polypropylene, and the crystallization 
behavior is significantly changed in the presence of Pglass.[25] Comparison of the WAXD 
spectra of the Pglass-PPgMA films with that of neat PPgMA, along with the DSC curves in 
Figure 4, further reveals that there seem to be no interaction between the polymer and 
pglass filler, as both samples provide identical results.  
In order to further analyze the interactions between Pglass and PPgMA in the 
blends, and to shed light on the lack of drawing properties, rheological analysis was 
performed. Both neat Pglass powders and Pglass-PPgMA blends were studied, using 
multiple Pglass types exhibiting a range of glass transition temperatures.[12] From the 
Pglass powder samples studied, including those listed in Table 3.1, data could only be 
collected from the original 130 °C Tg Pglass (Pglass A), due to the lack of re-melting in all 
samples with a Tg < 130 °C.  Upon heating, these samples behaved similar to sintered 
ceramics, forming a hardened mass from the initial powder sample. Post-heating, the 
samples were brittle and could easily be reground back into their powdered form, but 
again failed to re-melt. This is believed to be due to a combination of crosslinking and 
dehydration of the Pglasses, as explained previously due to slow heating of the samples, 
preventing them from experiencing flow and distortion. The following rheological results 
represent only the Pglass A sample in powdered form, Figure 3.11, and as blended into 
PPgMA, Figure 3.12. 
From the results in both Figures 3.11 and 3.12, it can be seen that rheological 
properties decrease with increasing temperature, and shear-thinning behavior is evident 
148 
 
at temperatures up to 200 °C in powdered Pglass samples. Throughout the entire 
frequency range and above 220 °C, a dramatic decrease in viscosity aids in the relaxation 
of larger Pglass molecules. Above 220 °C, Pglass behaves as a Newtonian fluid, which is 
most likely due to the onset of crosslinking and dehydration of the Pglass. From Figure 
3.12, the PPgMA/Pglass blends show shear thinning behavior at all measured 
temperatures, and blend quality remains consistent with change in temperature, as seen 
in the Cole-Cole plot. This plot also indicates good interaction between polymer chains 
and Pglass particles, with a slope of 1.4 at all measured temperatures. Slopes of less than 
2 generally indicate good interaction between filler and matrix. These results verify the 
processing temperatures of 200-210 °C originally set by Gupta et al., as well as the choice 
of PPgMA as the polymer matrix.  
3.5 Conclusion 
From the results presented on the characterization and structure-property 
relationships of the multilayered PPgMA/Pglass films, it is clear that the reduced Tg Pglass 
compositions are not suitable for producing high gas barrier films similar to those 
produced by M. Gupta et al.[11] It was hypothesized that a lower glass transition 
temperature would allow for the formation of higher aspect ratio Pglass platelets, 
through reduced viscosity of the melt and the overlapping and merging of individual 
platelets. The Cussler equation predicts that a Pglass aspect ratio of 1000 at 60 vol.% 
would reduce permeability by a factor of 300,000, enabling the films for applications such 
as the encapsulation of organic electronics. That same aspect ratio at 20 vol.% Pglass 
would enable the films to be used in most food packaging applications. However, the 
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reported Pglass blends exhibit poor interfacial adhesion to the PPgMA matrix, resulting in 
interfacial gaps between phases. This poor adhesion is believed to be due to the 
combination of a decreased O/F ratio in the Pglass, replacing non-bridging interacting 
oxygen groups with fluorines, and the effect of crosslinking and dehydration of the Pglass 
during heating steps, generating a significant change in the crystal structure. As a result 
of the poor adhesion, the interfacial gaps provided more direct pathways for diffusing 
gasses, increasing permeability. 
Upon biaxial orientation, the Pglass failed to elongate into high aspect ratio 
platelets, and instead remained as spherical particles phase separated from the PPgMA 
matrix. This led to the creation of voids propagating around Pglass particles in the draw 
directions, which increased with increasing draw ratios. Finally, rheological analysis of the 
Pglass powders and blends revealed that aside from Pglass A, all other Pglass 
compositions could not be softened or remelted above Tg, and instead formed a hardened 
mass. This result correlates with the lack of drawing properties in multilayered 
PPgMA/Pglass films. Future work is planned for deep investigation into why the reduced 
Tg Pglass compositions fail to soften and remelt, and how the Pglass structure changes 
with respect to composition and processing. Continued studies on multilayered films 
containing Pglass A blended into various polymers will be carried out with the goal of 
reducing the permeability of diffusing gasses further past the 500x improvement 
benchmark, as set by Gupta.  
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Table 3.1: List of Pglass compositions synthesized for this study. 
 
Glass Made Pglass A Pglass B Pglass C 
Reported Tg (°C) 118 ± 2 58 - 
Measured Tg (°C) ~130 59 62 
Composition (mol %)    
SnO 20 7.5 8.33 
SnF2 50 75 75.83 
P2O5 30 15 15.83 
WO3 0 2.5 0 
Reference [11] [12]  
Color Observations 
colorless 
dark 
blue 
colorless 
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Figure 3.1: Pglass synthesis reaction.[2] 
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Figure 3.2: Cross-section illustration of as-extruded multilayered film with spherical 
Pglass particles. A) elongated into high aspect ratio platelets after biaxial orientation. B) 
Formation of higher aspect ratio platelets using Pglass with a Tg of 60 °C was expected 
(C) but not obtained. 
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Figure 3.3: Cussler plot illustrating the aspect ratios required in Pglass platelets in order 
to reach our barrier goals for food packaging and encapsulation of organic electronics. 
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Figure 3.4: DSC curves showing a similar Tg between Pglass samples B (59 °C) and C (62 
°C). Slight deviation in Tg from the reported value of 58 °C is expected and varies widely 
depending on processing conditions. 
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Figure 3.5: A) Color comparison of quenched Pglass without (left) and with (right) 
tungsten as a reagent. B) Multilayered film containing Pglass B. 
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Figure 3.6: A) SEM image of as-extruded 17L film showing good layer uniformity and 
Pglass distribution. B) Many of the particles are poorly adhered to the PPgMA matrix. 
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Figure 3.7: SEM images of biaxialy oriented multilayered films to 2 x 2 (A) and 3 x 3 (B) 
draw ratios. A large degree of void formation can be seen around Pglass particles in the 
orientation directions, which increases in size with higher draw ratios. 
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Figure 3.8: Optimized Pglass A molecular structures, as proposed by York-Wagner, et 
al.[22] Orange atoms represent P, Dark Grey – Sn, Red – O, Light Blue – F, and White – H. 
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Figure 3.9: Xray spectra of Pglass powders (from bottom to top: Pglass A, Pglass B, 
Pglass A post-heating, Pglass B post-heating). 
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Figure 3.10: Xray spectra of multilayered films (from bottom to top: Neat PPgMA, 
PPgMA/Pglass as-extruded, PPgMA/Pglass biaxially oriented) 
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Figure 3.11: Rheological data for Pglass from 170 °C to 250 °C. 
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Figure 3.12: Rheological data for PPgMA/pglass blends from 190 °C to 250 °C. 
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Chapter 4 
High Gas Barrier Multilayered Films Using Oxygen Scavenging Palladium Nanoparticles 
4.1 Abstract   
This project investigates the improvement in water vapor and oxygen barrier 
properties of multilayered polymer thin films, composed of alternating layers of high 
density polyethylene (HDPE), to provide barrier to water vapor, and ethylene vinyl alcohol 
(EVOH), to provide barrier to oxygen. These films are infused with a small quantity of 
palladium nanoparticles, which act as scavengers for diffusing oxygen, according to the 
Langmuir-Hinshelwood mechanism. Results presented using traditional permeability 
measurement techniques, and through the development and use of custom built calcium 
degradation tests, it is clear that significant improvements have been made over 
traditional bulk and surface coated films. An enormous reduction in oxygen permeability 
places the infused films well within the required barrier range to be applied towards all 
types of organic electronics applications. However, further progress in reducing water 
vapor permeability and improving transparency must be achieved before these films can 
successfully replace traditional metals and glasses.  
4.2 Introduction 
The use of flexible, transparent polymer films for encapsulation of electronic 
devices is currently limited due to their unacceptably high permeation rates for oxygen 
and water vapor. Interaction of these gasses with organic components in organic light 
emitting diodes (OLEDs) and organic photovoltaics (OPVs) causes irreversible damage and 
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results in significantly shortened lifetimes.[1,2] Achieving sufficient gas barrier properties 
with suitable polymers can provide a means of producing next generation electronic 
devices that are thin, lightweight and flexible. 
To achieve the required barrier, flexibility and transparency properties for the 
encapsulation of electronic devices using flexible polymer films, many in industry and 
academia have taken an approach of utilizing surface metallization and multilayered 
organic/inorganic films as physical gas barriers.[2-5] These techniques involve the 
deposition of one or more transparent metal-oxide layers onto polymer substrates such 
as PET or PEN. The thin metal layers act as impermeable barriers for preventing the 
diffusion of various gasses through the film. These films possess fantastic barrier 
properties and high transparencies, but have a high potential for containing defects 
within the metal layers, such as pinholes and micro-cracks, which provide direct pathways 
for diffusing gas species. Furthermore, upon flexing of the metallized films, these defects 
typically become amplified, significantly reducing their barrier properties and preventing 
them from being used as flexible barrier films.  
An alternative approach to the protection of organic materials from oxidation due 
to the presence of oxygen and water vapor, typically used in the food industry, is through 
the use of oxygen scavenging materials such as iron powder, ascorbic acid or palladium. 
While active powders such as iron will react with oxygen to form iron oxide, palladium is 
able to catalyze the reaction between adsorbed hydrogen and oxygen to form water on 
its surface, according to the Langmuir-Hinshelwood mechanism, and thus is not 
consumed during the reaction.[6,7] In the late 90s, a vacuum infusion technique was 
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developed by Integument Technologies to infuse various organic and inorganic materials 
into the free volume of polymers.[8] This is accomplished by elevating the sample 
temperature above its glass transition temperature to expand its free volume, then 
evacuating any residual gasses from within the free volume under high vacuum. The 
desired material, in this case Palladium metal, is then evaporated and condensed within 
the now available free volume space. This original procedure developed by Integument 
Technologies required the infusion of a volatile palladium precursor, such as palladium(II) 
acetylacetonate, which was subsequently degraded into the desired palladium 
nanoparticles. Our newly developed technique, however, allows for the direct infusion of 
palladium metal into the polymer system via electron beam physical vapor deposition, 
eliminating the need for a volatile precursor and reducing the number of steps required 
during the process. This technique results in the homogeneous dispersion of palladium 
nanoparticles, which is difficult to achieve using traditional methods such as direct 
blending or in-situ polymerization.  
The goal of this project is to fabricate multilayered polymer films, composed of 
alternating layers of high density polyethylene (HDPE), to provide barrier to water vapor, 
and ethylene vinyl alcohol (EVOH), to provide barrier to oxygen. These films are 
subsequently infused with a small quantity of palladium (Pd) nanoparticles, which act as 
scavengers for diffusing oxygen. The combination of inherent high gas barrier properties 
in the selected polymers, with the incorporation of oxygen scavenging effects of infused 
palladium nanoparticles has yielded flexible, transparent films suitable for many 
electronics applications. 
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4.3 Experimental 
4.3.1 Materials 
Ethylene vinyl alcohol (EVOH, EVALTM L171B and H171B) was obtained in the form 
of pellets from Kuraray with a density and melt flow index (MFI) of 1.2 g/cm3 and 4 g/10 
min (ASTM D1238) for L-type EVOH, and 1.17 g/cm3 and 1.7 g/10 min (ASTM D1238) for 
H-type EVOH. High density polyethylene (HDPE, EliteTM 5960G) was obtained in the form 
of pellets from Dow Chemical with a density and melt flow index of 0.962 g/cm3 and 0.85 
g/10 min (ASTM D1238), respectively. Palladium (Pd) Evaporation Pellets were purchased 
from Kurt J. Leskar Company as ¼” x ¼” pellets with a theoretical density of 12.038 g/cm3. 
4.3.2 Multilayered Co-extrusion 
All polymer materials were dried for 24-48 hours at 60 °C in a vacuum oven, before 
processing. Polymer pellets were fed through a multilayered extrusion process, which 
utilizes a process of forced assembly through sequential layer multiplication to fabricate 
thin alternating layers of two or three separate polymers.[9] Multilayered films were 
extruded in an (ABA)n layered structure, containing alternating layers of HDPE as A layers, 
and EVOH as B layers, to form films containing between 3 and 513 total individual layers. 
Multilayered control films were also prepared consisting of neat EVOH and neat HDPE. 
The number of layers (N) was determined by the number of multiplier elements (m) as N 
= 2m+1. The extruder multiplier elements and die temperatures were set to 220 °C. The 
melt from the final multiplier was spread through a 14-inch film die and cold drawn on a 
laboratory-scale chill roll (Randcastle Extrusion Systems) to thicknesses ranging from 1 mil 
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(25.4 µm) to 3 mil (76.2 µm), producing individual layer thicknesses ranging from 25 µm 
to 50 nm. 
4.3.3 Sputter Coating 
Sputter coating was performed on a Quorum Technologies Q300T D Dual Target 
Sequential Sputtering System. Interchangeable palladium and gold sputtering targets 
were used for film surface coatings and electrode deposition, respectively.  
4.3.4 Palladium Infusion 
Palladium infusion was carried out within an Angstrom Engineering AMOD 
deposition system, using Electron Beam Physical Vapor Deposition (EBPVD), located in 
the MORE Center, at Case Western Reserve University. Palladium evaporation pellets 
were loaded in a FABMATE crucible (high-strength graphite) and placed within the coating 
chamber according to the diagram in Figure 4.1. The film to be infused was fixed to the 
sample substrate using the provided screws and mounted face-down above the E-beam 
ingot. Prior to infusion, the chamber was sealed and pumped down to 4 x 10-6 Torr, and 
the sample substrate was heated to 100 °C. Palladium was evaporated at 8 kV and 
monitored using an Angstrom advanced PC based software system control. Following 
successful infusion, films were collected for characterization. Films were dried at 60 °C for 
24 hours before any characterization steps. 
4.3.5 Permeability Analysis 
4.3.5.1 Oxygen Permeability 
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Oxygen permeability of the extruded films were investigated using a MOCON OX-
TRAN® 2/21 at 23 °C. Sample sizes of 50 cm2 were prepared, and a baseline measurement 
was determined using 98 % N2 / 2 % O2 to avoid exceeding the detector capability of the 
instrument, before applying 100 % O2 to obtain the film’s oxygen barrier properties. The 
measurements were carried out at 1 atm pressure at 23 °C with 0 % relative humidity. 
The instrument was calibrated at 23 °C with a NIST-certified Mylar film with known oxygen 
transport characteristics. Oxygen permeability P(O2) was obtained from the steady flux Jo 
according to  
𝑃(𝑂2) = 𝑂𝑇𝑅 ∗ (
𝑙
𝛥𝑝
)          (1) 
where Δp is the oxygen’s partial pressure drop across the film, and l is the film thickness.  
4.3.5.2 Water Vapor Permeability 
Water vapor permeability of the extruded films were investigated using a MOCON 
PERMATRAN-W® Model 3/33 Plus unit. Measurements were carried out at 1 atm pressure 
at 37.8 °C with 100 % relative humidity (RH). Sample sizes of 50 cm2 were prepared, and 
the instrument was calibrated at 37.8 °C with a NIST-certified Mylar film with known 
water vapor transport characteristics. Water vapor permeability P(H2O) was obtained in 
a similar manner to oxygen permeability, substituting the measured water vapor flux 
(WVTR) for oxygen flux (OTR). 
𝑃(𝐻2𝑂) = 𝑊𝑉𝑇𝑅 ∗ (
𝑙
𝛥𝑝
)         (2) 
4.3.5.3 Calcium Degradation Test 
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Calcium is a material that reacts readily with oxygen and water vapor according 
to the following reactions 
2𝐶𝑎 +  𝑂2 −>  2𝐶𝑎𝑂              (3) 
𝐶𝑎 +  𝐻2𝑂 −>  𝐶𝑎𝑂 +  𝐻2          (4) 
𝐶𝑎𝑂 +  𝐻2𝑂 −>  𝐶𝑎(𝑂𝐻)2          (5) 
As calcium becomes oxidized, its resistivity increases inversely proportional to the 
average decreasing Ca height, since calcium oxide is an insulating material.[10] The reactive 
properties of calcium can be used to determine the amount of oxygen and water vapor 
permeating through a film applied as a barrier to the deposited calcium, according to 
equations 3-5 above, and illustrated in Figure 4.2. By measuring the change in 
conductance as the calcium metal is oxidized, we can calculate oxygen and water vapor 
flux through our film as 
𝑂𝑇𝑅 =  
𝑂𝑇𝑅′
32
𝑥 22.4 𝑥 103                    (6) 
2 0
0
( / )1 2 4
'
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C a C a C a
C a m em
M G G l
O T R S G
M t d S
 

         
        (7) 
      (8) 
Where MO2, MH2O and MCa are the molar masses of oxygen, water and calcium; l and d are 
the length and width of the calcium square, ρCa is calcium density, δCa is calcium 
conductivity SCa and Smem are the surface areas of the calcium square and film sample 
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
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window, and G0 and Δ(G/G0)/Δt are the initial conductance and slope of conductance vs. 
time as measured during the calcium test. Oxygen permeability testing was carried out 
inside a sealed chamber containing desiccant, as show in Figure 4.3, with an applied 
positive oxygen purge at room temperature. Temperature and humidity were monitored 
using a Vaisala Relative Humidity and Temperature Probe.  
Calcium degradation sensors were fabricated at the MORE Center, at Case 
Western Reserve University. Glass slide substrates were first sonicated for 5 minutes each 
in DI water with 1 % Alconox, DI water, Acetone and 2-Propanol, then blow dried with 
nitrogen gas. On the cleaned substrate, two 30 nm thick gold electrodes were sputter 
coated through a PDMS mask to form the pattern in Figure 4.4A. A 300 nm thick calcium 
square, bridging the gold electrodes, was deposited through an aluminum mask using 
thermal evaporation, following ozone treatment of glass substrate and mask. The 
deposited calcium sensor was transferred into a positively pressurized nitrogen glovebox, 
with oxygen and water vapor levels reported as < 10 and 1 ppm, respectively, in order to 
prevent reaction of the calcium with oxygen and water vapor. A border of UV-curable 
epoxy (EPO-TEK OG142-112) was deposited around the calcium square, as illustrated in 
Figure 4.4C. The film for testing was placed over the sensor such that the film edges lined 
up with the epoxy border, and a Spectroline E-Series Handheld UV-lamp, with one 6W 
longwave tube at an intensity of 1280 µW/cm2, was used to cure the epoxy. 
The fabricated calcium degradation sensor was transferred from the glove box to 
the measurement chamber using a SPI Dry Sample Preserver Capsule. Within the 
measurement chamber, leads were connected to gold electrodes on the sensor, and a 
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constant current of 0.02 Amp applied using a Hewlett Packard Triple Outlet DC Power 
Supply (Agilent E3631A), while measuring the change in voltage with respect to time. Data 
was collected using a National Instruments SCB-68 Shielded I/O Connector Block, and data 
was recorded using LabVIEW software.  
4.3.6 Transparency 
UV-Vis measurements were conducted on a Perkin Elmer UV/Vis/NIR URA 
operated in transmission mode. Film samples were mounted in a thin film Solid Sample 
Holder and placed between the light source and light detector. Scans were done in the 
400-800 nm range and compared against a blank calibration curve taken in open air, with 
the average transparency over this range reported.  
4.3.7 Image Analysis  
The palladium nanoparticles and layered morphology was observed edge-on by 
atomic force microscopy (AFM).  For cross sectional images, films were embedded 
between two thin layers of epoxy (Loctite, 2-part Heavy Duty Epoxy), and cured for 24 
hours at room temperature to provide structural stability. Embedded samples were 
microtomed from the film’s normal direction at -100 °C using a Leica EM FC6 microtome, 
to provide a smooth homogeneous surface. AFM images were collected using a 
commercial scanning microscope probe (Nanoscope IIIa, Digital Instruments) with a 
spring constant of 12-103 N/m and a resonance frequency in the 299-378 kHz range. Both 
phase and height images of the sample’s cross section were recorded simultaneously. 
4.4 Results and Discussion 
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This project investigates the catalytic effects of palladium (Pd) metal in scavenging 
and reacting oxygen and hydrogen gasses as they diffuse through polymer films. This 
reaction is utilized in order to enhance the oxygen barrier properties of selected films for 
the encapsulation and protection of organic electronics components from oxidative 
degradation. This work is reported in three parts, the first of which was done in comparing 
the effects of infusion of palladium into the free volume of bulk polymer films to surface 
sputter coating, with respect to oxygen barrier and transparency properties. When 
referring to the quantity of Pd infused or sputter coated, it is reported as a thickness (nm) 
over the entire sample’s surface area. However, through infusion, the Pd is distributed 
throughout the bulk of the film, and so the volume percent of Pd within the film will also 
be initially reported. The use of bulk EVOH films in this part of the project allows for direct 
comparison of the effects of palladium infusion with sputter coating, while avoiding 
potential deviations in the film’s properties as a result of layering defects. The second part 
of this project delves into the use of palladium infusion to significantly improve the 
oxygen barrier properties of multilayered films, while maintaining a high degree of 
transparency, for applications involving the encapsulation and protection of organic solar 
cells. The final section reports on the development and analysis of a calcium degradation 
test, which was used as a highly sensitive oxygen detector to measure the film’s oxygen 
barrier properties. The goal of this project is to develop multilayered polymer films that 
can protect organic electronic components from degradation due to both oxygen and 
water vapor. These films will be designed for the replacement of other materials such as 
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metals and glasses, which are currently used as barrier materials, allowing for the 
fabrication of flexible, transparent and lightweight electronics devices. 
4.4.1 Infusion vs. Sputter Coating in Bulk EVOH Films 
The results comparing the transparency of two grades of bulk EVOH films (H171B 
and L171B) following the infusion and sputter coating of increasing quantities of 
palladium, is presented in Figure 4.5. These results report the percent transparency of 1 
mil thick EVOH films, infused and coated with 1, 3 and 5 nm of palladium. Infusion was 
carried out at an elevated temperature of 100 °C, to allow for sufficient expansion of 
available free volume, while sputter coating was carried out at room temperature. In the 
analysis of bulk EVOH films, the EVOH H171B grade was primarily used, which differs from 
the L171B grade with respect to the ratio of ethylene to vinyl alcohol in the copolymer. 
The H171B grade is able to maintain much higher levels of transparency with similar 
amounts of palladium infused, as shown in Figure 4.5, which allows for the study of 
relatively large amounts of palladium to be infused. The L171B grade is used in the second 
part of this study, in the fabrication and analysis of multilayered films, due to its superior 
oxygen barrier properties.  
For the infused EVOH samples, transparency experienced negligible decrease with 
up to 1 nm (4x10-5 vol.%) of palladium infused, compared to neat EVOH samples. As higher 
quantities of palladium are infused, the transparency experiences more significant 
decreases down to ~54 % for 3 nm Pd (1x10-4 vol.%) and 35 % for 5 nm Pd (2x10-4 vol.%) 
in the L171B grade, but minimal decreases down to 90 % for 3 nm Pd and 88 % for 5 nm 
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Pd in the H171B grade. In comparison, sputter coated samples show much larger 
decreases in transparency with similar quantities of Pd. Samples coated with 1 nm Pd 
decreased in transparency by almost 50 %, from 84 % to 45 %, while samples coated with 
3 and 5 nm Pd were almost completely nontransparent, measuring 11 % and 7 % 
transparency, respectively. H171B samples are able to maintain high transparency upon 
higher palladium loadings due to the higher molar fraction of ethylene within the 
copolymer (38 mol%), compared to L171B samples (27 mol%). The higher ethylene 
content leads to a decrease in intermolecular and intramolecular bond strengths, 
increasing chain mobility in amorphous regions, and thus providing a larger degree of free 
volume for infused palladium to distribute throughout. This change in morphology, 
however, reduces the barrier properties of the polymer, and is why the L171B grade was 
chosen for incorporation into multilayered films. 
Infused films were able to maintain much higher transparencies than coated films 
due to this distribution of palladium nanoparticles throughout the free volume of the 
EVOH films. The homogeneous distribution of nano-scale particles allows light to pass 
through the film relatively unaffected by palladium, while during sputter coating, 
palladium forms a continuous surface layer, eventually reflecting > 90 % of light for a 
surface thickness of only 5 nm. Evidence of the infused Pd nano-particles can be seen in 
the AFM images in Figure 4.6, which displays the cross-section of a bulk EVOH L171B film 
infused with 2 nm of Pd nanoparticles. In these images we can see a homogeneous 
distribution of palladium nanoparticles with an average diameter of ~10 nm ± 5 nm, which 
is present throughout the thickness of the film. In addition to the decrease in lateral 
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resolution as a result of the pyramid tip shape, the larger particle size may be the result 
of aggregating palladium from higher infusion amounts (2 nm), which can be avoided by 
infusion of ≤ 1 nm Pd. Infusion of ≤ 1 nm Pd results in the formation of nanoparticles with 
an average diameter of ~3 nm ± 1 nm, as shown in AFM images of infused multilayered 
films in Figure 4.12.  
It has been previously shown that during infusion, some palladium will collect on 
the film sample’s surface.[11] However, use of lesser quantities of palladium of ≤ 1 nm 
maintains the high transparency of neat films, and provides sufficient oxygen barrier for 
electronics encapsulation, as will be demonstrated. This reveals that at these lesser 
quantities, palladium is not primarily aggregating at the film’s surface, and is able to 
diffuse throughout the film’s thickness. The size of the infused Pd nanoparticles also 
presents a significant advantage over surface sputter coating in terms of the oxygen 
scavenging properties. The Pd nanoparticles have much higher surface area/volume 
ratios, and are thus able to scavenge higher quantities of diffusing oxygen.  
Infusion and distribution of palladium within EVOH films is highly dependent on 
the temperature of infusion. This process relies on the expansion of available free volume, 
and the subsequent diffusion and deposition of palladium into that free volume. Thus, 
higher temperatures above the glass transition temperature of the polymer results in 
increased expansion of the free volume and allows for more palladium to diffuse further 
into the film. This results in improved transparency for samples loaded with equal volume 
percentages of palladium at higher temperatures. This effect can be seen in Figure 4.7A, 
which displays the transparency measurements of EVOH H171B films infused at various 
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temperatures. It can be seen in this plot that there is a large increase in transparency after 
infusion at 60 °C compared to 90 °C, however above 90 °C the relative improvements are 
reduced. Additionally, at higher temperatures of around 110-120 °C, the time required 
for the system to reach 4 x 10-6 Torr becomes significantly longer. It is for these reasons 
that the remaining results of infused films presented in this paper have all been infused 
at a temperature of 100 °C. 
Another effect of the infusion conditions on the resulting film’s transparency is 
the amount of times the film is infused, or the amount of infusion cycles used. In a study 
by J. Yu et al., infusion was carried out on FEP (fluorinated ethylene propylene) films, and 
demonstrated that multiple infusion cycles of lower quantities of palladium results in 
higher transparencies than a single infusion of the total amount.[12] It is important to 
illustrate that the technique used by Yu relies on the infusion and subsequent thermal 
degradation of a palladium precursor in multiple steps, where in this study the palladium 
metal is directly infused via E-beam evaporation in a single step. The results presented in 
Figure 4.7B show that for the E-beam infusion of Pd, the opposite trend is observed as 
described by Lu. An increase in transparency can be seen in EVOH H171B films infused at 
100 °C with 10 and 15 nm of palladium in one step, compared with films infused with 10 
and 15 nm of palladium in increments of 5 nm.  
The resulting oxygen barrier properties of both infused and surface coated EVOH 
films show significant drops in permeability with very small quantities of palladium used. 
When sputter coating EVOH films, the lowest available settings were used to deposit the 
least amount of palladium, and are listed along with the samples in Table 4.1. By 
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depositing ~0.2-0.3 nm of Pd onto the film’s surface, the oxygen permeability is reduced 
below the detection limit of Mocon OX-TRAN 2/21 units, which have a lower sensitivity 
limit of 5x10-3 g/m2day. This limit is similarly reached for only 1 nm of Pd infused into the 
EVOH film. However, in comparing the decreases in transparency, surface coated films 
with 0.3 nm Pd see a reduction in transparency by 6 %, where films infused with 1 nm Pd 
retain the transparency of the neat EVOH film. It is believed that the enhancement in 
barrier properties in sputter coated films is due to both the scavenging properties of 
palladium as well as the formation of a continuous palladium layer which can act as a 
physical barrier to diffusing gasses. However, this in turn provides less surface area for 
the scavenging reaction to take place and decreases the resulting transparency beyond 
what would be acceptable for a transparent encapsulating film. Future work in this area 
will look into combining the infusion of palladium along with a small surface coating of ~ 
0.1-0.3 nm Pd, in the attempt to create modified polymer films with barrier properties 
similar to glass or metal. 
4.4.2 Characterization of Multilayered Films 
Through the use of multilayered coextrusion, films containing alternating layers of 
EVOH and HDPE were fabricated, where each material’s role is to provide barrier to either 
diffusing oxygen or water vapor. Figure 4.8 shows the relative oxygen and water vapor 
barrier properties for many common polymers, where HDPE is among the better polymer 
materials for providing a water vapor barrier, and EVOH is among the better polymer 
materials for providing an oxygen barrier, in comparison to other polymers typically used 
in barrier applications. As explained previously, the oxygen barrier properties of EVOH are 
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strongly dependent on the ratio of ethylene to vinyl alcohol in the copolymer. Higher vinyl 
alcohol content in the copolymer provides larger numbers of hydroxyl groups, resulting 
in a higher degree of crystallinity and higher chain mobility restriction in amorphous 
regions.[13] This in turn reduces oxygen flux through the EVOH film, and is the reasoning 
behind choosing an EVOH grade with the highest available vinyl alcohol content of 73 % 
for the remainder of this study. 
Multilayered films were fabricated with a consistent ratio of HDPE to EVOH 
(50/50) and thickness of 1 mil (25.4 um), while the number of layers was varied from 3 to 
513. The transparency properties of these films is displayed in Figure 4.9. From this graph 
there seems to be no dependence of transparency on the number of layers within the 
neat films, aside from the possible effect of layer breakup and/or delamination in films 
with higher number of layers, which would reduce both transparency and barrier 
properties. This effect of layer delamination has been observed inconsistently in some 
films, and is shown in Figure 4.10. The overall low transparencies, compared to EVOH 
films, is most likely due to the crystallization of large HDPE spherulites. Reduction of larger 
spherulites can be accomplished through control of the individual layer thicknesses, 
which can confine and restrict the growth of spherulites and improve transparency. 
Additionally, control of the individual HDPE layer thicknesses has been shown to affect 
the oxygen and water vapor barrier properties of the multilayered films. In a study by G. 
Zhang et al., it was shown that the HDPE crystalline morphology can be influenced when 
layer thickness is reduced below the size of individual spherulites.[14] Zhang demonstrated 
that in reducing the layer thickness below 290 nm in multilayered HDPE/HP030 (a cyclic 
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olefin copolymer), a squeezed spherulite morphology was achieved, which provided the 
highest barrier properties. The HDPE spherulites were altered from a 3-D morphology into 
a 2-D flattened disk, which behaved like impermeable thin disks dispersed throughout the 
HDPE layers. Further reduction of the layer thickness led to the formation of an on-edge 
crystal orientation where lamellae become oriented perpendicular to the film’s surface, 
reducing the barrier properties. This effect was similarly studied using the multilayered 
HDPE/EVOH films, the results of which are presented in Figure 4.11.  From these plots of 
OTR and WVTR vs layer thickness, a thickness between 600-700 nm provides optimal 
barrier properties for both oxygen and water vapor. This optimal layer thickness range 
will be used in future work on further reducing the oxygen and water vapor barrier 
properties in the multilayered HDPE/EVOH polymer films.  
Following the transparency and barrier characterization of multilayered 
HDPE/EVOH films with respect to number of layers and layer thickness, the samples were 
infused with 1-2 nm of palladium and further characterized for transparency and gas 
barrier. Transparency measurements were conducted on a single sample type (50/50 
composition, 65 layer, 1 mil thick film), with respect to increasing amounts of palladium 
infused, the results of which are displayed in Figure 4.12. Compared to the neat 
multilayered film, infusion of up to 1 nm of palladium results in only slightly reduced 
transparency measurements from 48 % to 45 %, and infusion of greater amounts of 
palladium results in larger decreases in transparency. As mentioned previously, the large 
difference in transparency between neat EVOH (84 % transparent) and the neat 65L 
multilayered film (48 % transparent) is primarily caused by the influence of the HDPE 
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crystal structure and HDPE/EVOH interfaces. Regardless of the presence of HDPE and the 
HDPE/EVOH interfaces, it can be seen that palladium is still able to fully infuse into the 
film, which is determined from the small difference in transparency between the neat and 
1 nm infused films. This is also demonstrated in the AFM images shown in Figure 4.13, 
which display the neat and infused multilayered films. The phase image in Figure 4.13A 
displays a cross-section image of a 17L HDPE/EVOH film, in which 12 of the 17 layers can 
be seen, and shows a decent layered morphology with some variation in the layer 
thickness. The remaining two images in Figure 4.13B (phase) and 4.13C (height) display 
the same film which has been infused with 2 nm of palladium. In Figure 4.13B the 
distribution of palladium nanoparticles can be clearly seen throughout the thickness of 
the film, where the final edge visible in the bottom right of the image represents the back 
surface of the infused film. In the phase image of Figure 4.13B it can also be seen that 
palladium is collecting at many of the layer interfaces, which may account for the slight 
reduction in transparency from the neat film. This aggregation of palladium at the 
interfaces is believed to be responsible for the significant reduction in oxygen 
permeability in multilayered films, compared to bulk EVOH films. The palladium collected 
at the interfaces may act as a secondary barrier, not only scavenging the diffusing oxygen 
but acting as a physical barrier to slow oxygen flux by imposing a more tortuous route. 
This effect is demonstrated in the barrier results of infused multilayered films compared 
with bulk EVOH films in Table 4.2.  
The oxygen barrier data measured using both a MOCON OX-TRAN 2/21® unit, and 
the calcium degradation test, for the 65 L HDPE/EVOH multilayered films with 1 nm of 
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infused Pd, is displayed in Table 4.2 and compared to bulk EVOH films infused with 
increasing amounts of Pd. The calcium degradation test provides a much higher sensitivity 
to the detection of oxygen, and enables measurement of significantly lower permeation 
values compared to MOCON units. A full description of the calcium degradation test is 
provided in the following section. After infusion of 1nm Pd into bulk EVOH L171B, the film 
experiences a reduction in oxygen barrier from 0.052 to 0.031 cm3/m2day, and up to ~3 
nm of palladium must be infused before the detection limit of the MOCON unit is reached 
(0.005 g/m2day). However, this limit is reached for ≤ 1 nm of palladium infused into the 
65L HDPE/EVOH film. Using the calcium degradation test to determine the values 
unattainable by the MOCON unit, infusion of 3 and 5 nm Pd into bulk EVOH reduces the 
oxygen transport rate from 0.052 to 0.0013 and 0.00003 cm3/m2day, respectively. 
However, for the HDPE/EVOH multilayered film, infusion of 1 nm Pd reduced the oxygen 
transport rate from 0.63 to 0.000062 cm3/m2day. This incredible reduction in flux through 
the multilayered films is accomplished with 1 nm of infused Pd, where the same barrier 
level is reached with as much as 5 nm Pd in bulk EVOH films. As explained previously, and 
shown in Figure 4.13B, this greater reduction in permeability is believed to be an effect 
of the multilayered structure, where small quantities of palladium are aggregating at the 
layer interfaces, producing palladium layers that are thin enough to maintain 
transparency but can act as physical barriers in addition to reactive barriers.  
The water vapor permeability of the multilayered films was also measured and 
compared between infused and neat multilayered HDPE/EVOH film samples, the results 
of which are displayed in Table 4.3. The initial water barrier measurements for 
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multilayered films without infused Pd and based on layer thickness are presented in 
Figure 4.11B, however the results in Table 4.3 show that infusion of palladium can 
produce a decrease in water vapor permeability, in addition to the decrease in oxygen 
permeability. This result is unexpected, since palladium acts as an oxygen scavenger, and 
in fact produces water as a product of this scavenging reaction. Thus we would expect 
that the water vapor permeability would increase with the presence of palladium in the 
film. The opposite effect is seen in the results in Table 4.3, where the WVTR is reduced 
from 5.6 to 1.3 g/m2day and 5.1 to 0.8 g/m2day for 65L and 17L multilayered films, 
respectively. This effect of infused palladium not contributing to an increase in the water 
vapor permeability is also seen in work by G. Zhang et al., where FEP films infused with 
palladium did not experience any change in water vapor permeability compared to neat 
films.[14] It is believed that a contributing factor to this result is the occupation of both the 
free volume space and layered interfaces with palladium, which reduces the pathways 
through which oxygen and water vapor can diffuse and creates a more tortuous pathway. 
Zhang also demonstrated that water produced from the oxygen scavenging reaction does 
not remain adsorbed on the surface of palladium nanoparticles, and desorbs immediately 
above 175 K. Otherwise the palladium nanoparticle surfaces in the FEP system would 
become saturated with an hour, preventing further oxygen from being scavenged and 
negatively effecting the oxygen barrier results, which is not observed. 
4.4.3 Calcium degradation test characterization of infused multilayered HDPE/EVOH 
films 
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In the characterization of the palladium infused multilayered HDPE/EVOH films, it 
has been demonstrated that the oxygen barrier properties have been improved by up to 
4 orders of magnitude, from 0.63 cm3/m2day to 0.000062 cm3/m2day, where the 
sensitivity detection limit of commercial MOCON OX-TRAN 2/21 units is 0.005 cm3/m2day. 
In order to acquire the oxygen barrier properties of the infused films which could not be 
measured by MOCON, what is known as a calcium degradation (or calcium dot) test was 
developed, based on similar tests described in literature.[10,15-17] This test makes use of a 
reaction of metallic calcium with oxygen and water vapor that has diffused through a 
barrier film to form calcium oxide and calcium hydroxide, as described in equations 3-5, 
in the experimental section. As the calcium metal reacts with the diffusing gasses, it 
experiences a measurable change in resistance, which can be correlated to the quantity 
of oxygen or water vapor diffusing through the film. After fabrication of the sensor, as 
described in the experimental section, it is transferred to the measurement chamber, and 
must endure a short time of exposure to ambient environment conditions as it is moved. 
Higher flux films encapsulating the sensor, which do not provide a sufficient oxygen and 
water barrier, allow those gasses to rapidly permeate through and react with the calcium 
sensor before it can be connected to the voltage source and sealed within the chamber. 
For this reason, one limitation to this test is the measurement of samples with flux greater 
than 0.01 cm3/m2day, and the results displayed in Table 4.2 show barrier data determined 
by either the MOCON unit, or the calcium degradation test, but not both.  
Prior to encapsulating the calcium sensor with the palladium infused multilayered 
films, the leakage rate and overall sensitivity of the sensor was determined. This was 
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accomplished by encapsulating the sensor with an impermeable glass slide, sealed around 
the edges with a UV curable epoxy. As glass is theoretically impermeable to gasses, this 
allows the measurement of oxygen flux through the epoxy border and establishes the 
lower sensitivity limit that the sensor can detect. An example of one of these 
measurements is displayed in Figure 4.14, which displays a plot of the change in calcium 
conductance with respect to time. From the slope of this curve, the oxygen transport rate 
through the epoxy side border was calculated as 4 x 10-7 cm3/m2day, which falls well 
below the sensitivity required for electronics encapsulation applications. This indicates 
that we can measure potential barrier properties down to 4 x 10-7 cm3/m2day, where the 
strictest oxygen barrier requirements for OLEDs fall as around 1 x 10-3 to 1 x 10-5 
cm3/m2day.  
The accuracy of the sensor was determined by comparing the reported OTR with 
oxygen barrier results obtained by MOCON and the calcium test and for an EVOH control 
film (M100B, 24 % Eth, 1 mil thick), prior to measuring the actual film samples. This sample 
provides sufficient barrier to oxygen and water vapor, allowing the encapsulated sensor 
to be transferred to the measurement equipment without resulting in the premature 
oxidation of the calcium, but permits a high enough flux to be measured in a standard 
MOCON OX-TRAN 2/21 unit. The results of this calibration test are shown in Table 4.4A, 
comparing the 2 measured OTR values with the reported OTR of 0.1 cm3/m2day. From the 
MOCON and calcium tests, the oxygen transport rates were measured as 0.09 cm3/m2day 
and 0.045 cm3/m2day, respectively, showing that the results measured using the Ca-test 
differ from the reported and MOCON values only by a factor of ~2. This is an important 
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factor in the analysis of films measured using the calcium degradation technique, and is a 
positive outcome as the oxygen flux results consistently fall well below our target levels, 
regardless of the number of layers within the film, as shown in Table 4.4B. The large 
deviation in measured results is most likely the result of small defects within the films, 
which can result in significant variation in oxygen flux due to the high sensitivity of the 
calcium degradation test. Thus, it can be said with confidence that the oxygen barrier 
properties of the measured films are well within the required range for the encapsulation 
of organic electronics, although the absolute barrier values of the films remains unknown. 
In analyzing the curves of conductance vs time, produced by the calcium 
degradation test, we typically observe two primary shapes to the curves. The first shape, 
as shown in the graphs presented in Figure 4.14, exhibits a linear, or near linear, decrease 
in conductance with respect to time for the entirety of the curve. This result is seen in 
samples which have been fully dried or do not absorb water, which can cause the initial 
portion of the curve to see a rapid decrease in conductivity as the absorbed water diffuses 
through the film and reacts with the calcium metal. The second curve shape seen is 
displayed in Figure 4.15, and represents those films which have absorbed atmospheric 
water vapor prior to measurement. As a positive oxygen flow is applied to the films within 
the sensor chamber, the absorbed water is driven through the film to react with the 
calcium metal. After the absorbed water has fully diffused and reacted, a transition to a 
steady linear state is observed, which is attributed to the consistent oxygen flux through 
the film. This effect is amplified for films which have not been dried prior to encapsulation 
and measurement, but is also seen to a lesser extent in films which have been dried 
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beforehand. For dried films, some water is absorbed during transfer of the film between 
fabrication and characterization labs, and during the transfer of the sensor from the 
preservation capsule into the calcium test chamber. As labelled towards the end of the 
measurement in Figure 4.15, once a steady slope can be measured and used to calculate 
oxygen flux, the sensor was continuously monitored as it was removed from the chamber. 
The second change in slope demonstrates the flux of water through the film compared to 
oxygen, where the presence of palladium has little effect in preventing the diffusion of 
water.  
Historically, the calcium degradation test has been used primarily as a technique 
to measure water vapor flux. Numerous studies have shown that calcium strongly favors 
the reaction with water vapor over oxygen, and when both oxygen and water vapor are 
present, calcium will completely favor water over oxygen.[18] From this, claims have been 
made that calcium in fact does not react with oxygen under room temperature 
conditions. To address this claim, a film comparison test using the calcium degradation 
sensor was designed to demonstrate that oxygen is being measured. This test measured 
2 65L HDPE/EVOH film samples at room temperature and < 0.03 % RH, one film which had 
been infused with 1 nm of palladium, and one film which had no infused palladium. 
Considering that our testing chamber is filled with 100 % oxygen during testing, with a 
layer of desiccant to absorb any residual water vapor, the only influence of water vapor 
should be produced from to the scavenging reaction occurring on the surface of 
palladium. Thus if we remove palladium from the film we can make the following claims. 
If the slope for the non-infused film is ≤ the infused film, we can claim that the calcium is 
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not being oxidized under these conditions. This is because without palladium, oxygen flux 
should be significantly higher, which would react with calcium at a much faster rate, 
assuming calcium can be oxidized by oxygen at room temperature. If the opposite case 
presents itself, where the slope for the non-infused film is > the infused film, we can 
confidently say that calcium is indeed being oxidized by oxygen under these conditions. 
From this test, we were able to determine that oxygen is in fact reacting with calcium 
under ambient, room temperature conditions.  The rate of reaction in the non-palladium 
infused film occurred faster than in the infused film, which had calculated oxygen 
transport rates of 2.45 and 1.2 x 10-3 cm3/m2day, respectively. A similar test was also 
conducted by Reese et al., whose results agree that calcium is oxidized by oxygen under 
room temperature conditions.[19]  
4.5 Conclusion 
Protection of organic components in electronic devices from oxidative 
degradation is a critical factor in its lifetime and performance properties. This has 
previously been accomplished through the use of heavy, stiff and bulky glasses and 
metals, which are used to prevent oxygen and water vapor from reaching and degrading 
the organic components. Replacement of glasses and metals with polymer based 
materials is a highly sought after goal which can enable the fabrication of electronics 
devices that are lightweight, thin and flexible. However, the use of flexible, transparent 
polymer films for encapsulation of electronic devices is currently limited due to their 
unacceptably high permeation rates for oxygen and water vapor.  
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The goal of this work was to fabricate multilayered polymer films which possess 
sufficient barrier to oxygen and water vapor, along with a high degree of transparency 
and flexibility suitable for flexible electronics applications. From the results presented on 
the gas barrier properties of multilayered polymer films infused with palladium 
nanoparticles, it is clear that significant improvements have been made over traditional 
bulk and surface coated films. Through the infusion of oxygen scavenging palladium 
nanoparticles, the oxygen transport rate of multilayered HDPE/EVOH films infused with 1 
nm of palladium was reduced by 4 orders of magnitude, from 0.63 to 6.2 x 10-4 
cm3/m2day. This enormous reduction in oxygen permeability places the infused films well 
within the required barrier range to be applied towards all types of organic electronics 
applications. However, further progress in reducing water vapor permeability and 
improving transparency must first be accomplished before these films can successfully 
replace traditional metals and glasses. The graph in Figure 4.16 presents the current 
improvements made in both oxygen and water vapor barrier properties over non-infused 
films, along with the barrier properties required for the encapsulation of organic solar 
cells. 
As-extruded multilayered HDPE/EVOH films, prior to the infusion of Pd, show low 
transparencies of around 50-60 %, which is attributed to thicker layers allowing the 
nucleation and growth of large HDPE spherulite crystals. This effect of the crystalline 
morphology will be investigated in future work, where incorporation of an HDPE 
nucleating agent and reduction of the layer thickness is expected to reduce the spherulite 
size, increasing the transparency of the film. Reported results on the transparency of 
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infused films show that infusion of up to 1 nm of palladium results in little to no change 
in transparency over the uninfused film, due to the homogeneous distribution of nano-
scale palladium particles throughout the films thickness. With the infusion of greater than 
1 nm Pd, the transparency properties begin to rapidly decline. 
In measuring the oxygen barrier properties of infused multilayered films, the 
sensitivity limit of the MOCON OX-TRAN 2/21 units was surpassed (5 x 10-3 cm3/m2day), 
leading to the development and fabrication of the calcium degradation test. This test 
provided a sensitivity limit of 4 x 10-7 cm3/m2day, allowing for the measurement of infused 
films below the detection limit of MOCON units. Future work on this project will 
investigate the lifetimes of organic solar cell produced at the CWRU MORE Center and 
encapsulated with the infused multilayered films. Through the encapsulation and 
measurement of organic solar cell properties, such as open circuit voltage, short circuit 
current, fill factor and overall efficiency, we can directly evaluate the solar cell lifetimes 
compared to alternative barrier methods developed by academia and industry. 
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Table 4.1: Transparency and oxygen barrier properties of films comparing surface 
sputter coating to infusion of palladium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Substrate 
Surface Coating 
Conditions Test temp. Transparency Gas Barrier 
EVOH H171B   °C % 
OTR 
cm3/m2day 
 Neat RT 91 0.46 
 
Sputter - 1mA, 2s 
(~0.1 nm) 
RT 90 0.03 
 
Sputter - 1mA, 5s 
(~0.2 nm) 
RT 87 Undetected* 
  
Sputter - 1mA, 10s 
(~0.3 nm) 
RT 85 Undetected* 
  Infusion - 1nm, 90 °C RT  90 Undetected* 
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Table 4.2: Oxygen barrier properties as measured in MOCON unit. All films are 1 mil 
thick. 
 
Sample Mocon O2 OTR Ca-test O2 OTR 
  cm3/m2day cm3/m2day 
HDPE neat 10.13 Cannot test 
EVOH L171B Neat 0.052 Cannot test 
EVOH L171B 1nm (4E-5 vol.%) 0.031 Cannot test 
EVOH L171B 3nm (1E-4 vol.%) Below Limit 0.0013 
EVOH L171B 5nm (2E-4 vol.%) Below Limit 0.00003 
EVOH/HDPE 50/50 65L Neat 0.63 Cannot Test 
EVOH/HDPE 50/50 65L 1nm Pd Below Limit 0.000062 
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Table 4.3: Water vapor transport rates of multilayered films before and after infusion of 
1 nm Pd. 
 
Sample WVTR 
  g/m2day 
Non-Infused   
HDPE/EVOH 65L 5.6 
HDPE/EVOH 17L 5.1 
    
Infused w/ 1 nm 
Pd   
HDPE/EVOH 65L 1.3 
HDPE/EVOH 17L 0.8 
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Table 4.4: A) OTR values for 1 mil thick EVOH M100B obtained via MOCON and Calcium 
Test measurements, and compared against the reported barrier. B) Measured OTR 
values for 1 mil multilayered HDPE/EVOH films, infused with 1 nm of palladium and 
obtained via Calcium Test measurements. 
 
A  Sample 
 
Barrier OTR 
(cm3/m2day) 
EVOH M100B   
Reported 0.1 
MOCON 0.09 
Ca-Test 0.045 
 
B  Sample 
HDPE/EVOH 
Barrier OTR 
(cm3/m2day) 
3L 5.35 x 10-6 
17L 4.20 x 10-4 
65L 6.20 x 10-5 
129L 8.80 x 10-5 
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Figure 4.1: A) Image displaying the Angstrom AMOD deposition chamber, with the 
sample holder and E-beam locations labelled. B) Schematic illustrating the E-Beam 
concept. 
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Figure 4.2: Calcium degradation test schematic. 
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Figure 4.3: Images of calcium sensor within the measurement chamber. 
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Figure 4.4: Calcium sensor fabrication steps. A) Sputter coated gold electrodes on glass 
substrate. B) Calcium sensor deposited via thermal evaporation. C) Encapsulated 
calcium square after degradation. 
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Figure 4.5: Measured transparency values for 1 mil thick EVOH H171B and L171B films 
after infusion and sputter coating of equal amounts of palladium. 
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Figure 4.6: AFM height (left) and phase (middle and right) images displaying the cross 
section of an EVOH L171B film infused with 2 nm of Pd. The ridges were produced from 
the microtoming process. 
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Figure 4.7: A) Transparency of EVOH H171B film samples (1 mil) infused with 5 nm Pd at 
varying temperatures. B) Transparency of EVOH H171B film samples (1 mil) comparing 
single to stepwise infusion of palladium at 100 °C. 
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Figure 4.8: Plot of polymer barrier properties outlining HDPE and EVOH. 
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Figure 4.9: Transparency of non-infused multilayered HDPE/EVOH films (50/50, 1 mil 
thickness). 
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Figure 4.10: AFM image demonstrating layer delamination in an HDPE/EVOH 
multilayered film with 65 layers. 
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Figure 4.11: Dependence of layer thickness on oxygen (A) and water vapor (B) barrier 
flux through 1 mil HDPE/EVOH multilayered films. 
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Figure 4.12: Transparency of 65L, 1 mil thick multilayered films infused with 1-3 nm Pd. 
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Figure 4.13: AFM images of 17 L HDPE/EVOH film. A) Non-infused film, phase image, B) 
Infused film (2 nm), phase image, C) Infused film (2 nm), height image. 
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Figure 4.14: Calcium Test results for encapsulation with a glass slide. 
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Figure 4.15: Typical calcium test curve shape for films with absorbed water vapor. 
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Figure 4.16: Overall improvements made in the oxygen and water vapor barrier 
properties of multilayered HDPE/EVOH films. Red lines represent the starting barrier 
values for non-infused multilayered films; OTR = 0.63 cm3/m2day, WVTR = 5.6 g/m2day. 
Blue lines represent the current improved barrier properties for infused multilayered 
films; OTR = 1 x 10-4 cm3/m2day, WVTR = 2 x 10-2 g/m2day. 
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Overall Conclusions and Future Recommendations 
In studying the various multilayered polymer film systems outlined within this 
dissertation, a number of additional queries have been made apparent representing 
further opportunities for research into these areas. As is common in the field of research 
science, looking for answers will typically result in the discovery of more questions. Based 
on past and present results on the study of melt-blended POSS/polymer systems, further 
work is not recommended, as POSS has been shown to be a poor reinforcement additive. 
However, in Pglass/polymer systems and palladium infused polymer films, continued 
work is being undertaken at both Case Western Reserve University and the University of 
Texas, Austin, to further understand interesting and worthwhile phenomena and 
behaviors.  
Polyhedral oligomeric silsesquioxanes have received a great deal of attention as a 
versatile filler that can be incorporated into polymer systems through blending, grafting 
and copolymerization. Numerous studies have focused on property enhancements as the 
result of chemically bonding POSS to various polymer structures, via grafting or 
copolymerization.  In many of these cases, significant property improvements were 
reported in the areas of thermal and mechanical properties. Due to the hybrid nature of 
POSS molecules, containing a rigid core and an ease of functionalization schemes which 
can be applied to the molecule’s periphery, it was hypothesized that simply blending 
functionalized POSS as a filler into highly interacting systems would produce reinforcing 
structures through non-covalent interactions. POSS itself possesses low intrinsic 
mechanical properties, illustrating the importance of POSS dispersion on the nanoscale, 
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as larger aggregates result in decreased mechanical properties. It was revealed in 
previous studies, however, as well as reported in Chapter 2, that POSS behaves simply as 
a small molecule additive, acting primarily as a processing aid and reducing the viscosity 
of blends via decreasing chain entanglements and increasing free volume.[53,58,59] Small 
improvements have been reported at specific, low POSS concentrations, but are more 
attributed to the influence of POSS aggregates on the polymer structure upon 
deformation, rather than on the actual structure-property relationships involved in 
reinforcement. For these reasons, further studies on melt-blended POSS-polymer systems 
for reinforcement is not recommended.  
Phosphate glasses have been researched and developed throughout the last 
century, but recently have attracted attention due to their low thermal properties, 
leading to the development of an entire family of durable low Tg phosphate glasses 
ranging from 60 – 400 °C. Previous work by Gupta et al. has demonstrated the ability to 
elongate spherical Pglass particles into high aspect ratio platelets within multilayered 
polymer films, to act as barrier structures for diffusing gasses and decreasing permeability 
by up to 500x that of the neat films.[180] Building on those studies, a new ultra-low Tg 
Pglass was developed and incorporated into multilayered polymer films, predicted to 
possess lower viscosities at similar processing and drawing temperatures, thus allowing 
for the formation of higher aspect ratio platelets upon biaxial orientation. However, as 
reported in Chapter 3, poor Pglass dispersion and the formation of large phase separated 
aggregates contributed to a failure of the particles to draw into high aspect ratio platelets, 
instead causing the polymer to void around particles in draw directions. It is hypothesized 
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that this behavior is due to an increase in the molecular F/O ratio in the resultant glass 
structure, replacing many of the non-covalently interacting oxygen molecules with 
fluorines. Work by Fang et al. at the University of Texas, Austin, has shown that significant 
structural changes also occur upon heating of the Pglass, which may contribute to poor 
interaction and drawing properties.[192] With the drastic differences in Pglass behavior 
between reported compositions, detailed investigation into the molecular structures of 
the varying Pglass compositions would shed more light on the interaction, or lack of 
interaction, between Pglass and polymer. Such a study may also reveal an optimized 
Pglass composition, which maintains its non-covalent interactions with the polymer 
matrix, but possesses lower thermal properties enabling improved drawing properties 
with the potential for forming higher aspect ratio platelets. Additionally, research on the 
elongation of Pglass particles within multilayered polymer films for gas barrier 
applications has only been explored thus far using PPgMA as a polymer matrix. 
Investigation of the incorporation of Pglass into alternative polymer systems, such as 
PVOH, EVOH and Polyamide, could yield improved barrier properties suitable for 
applications in food and beverage packaging, and potentially packaging for organic 
electronics. Previous work by Urman and Otaigbe have demonstrated good dispersion 
and strong interaction of Pglass with Nylon systems.[69] 
In the goal of fabricating polymer films suitable for high gas barrier applications, 
additional strategies for modifying polymer films exist such as surface metallization and 
deposition of multilayered organic/inorganic films containing transparent metal oxide 
layers. However, the formation of pinholes and microcracks within the metal layers can 
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lead to unsuitable barrier properties for organic electronics packaging. In utilizing a 
chemical, rather than physical barrier approach, the incorporation of oxygen scavenging 
nanoparticles into polymer structures has been shown to be a great alternative to 
achieving films with high oxygen barrier. Studies by Yu et al., along with results presented 
in Chapter 4, have demonstrated that this technique can reduce the permeability of 
oxygen through polymer films by up to 1000x that of the neat polymer.[206] The resulting 
oxygen barrier properties place the infused multilayered films well within the required 
range to be applied towards packaging and encapsulation of organic electronics. While 
this technique has demonstrated excellent oxygen barrier properties, the specific 
interactions of oxygen and hydrogen gasses with palladium, and the influence of the 
resulting water products on the polymer structure and long term barrier properties are 
not fully understood. These topics will become increasingly important as these films are 
further developed for longer term applications. Based on the promising results reported, 
further studies are being conducted towards achieving improvements in the water vapor 
barrier properties of the infused multilayered films. Sufficient progress in this area would 
enable polymer films to be applied as encapsulating materials to protect from both water 
vapor and oxygen gasses. Studies on the nucleation and confined crystallization of HDPE 
spherulites have shown promise in reducing water vapor transmission rates, and 
additional post-extrusion processing techniques, such as orientation and deposition of 
parylene surface layers may also contribute towards a low water permeability goal. 
Building on industrial strategies utilizing the deposition of transparent metal oxide layers 
for improved barrier properties, the combination of metal oxide surface layers with the 
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infusion of palladium nanoparticles could provide the barrier properties necessary for 
lower requirement flexible organic electronics packaging, while maintaining sufficient 
transparency and flexibility.  
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